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Preface 


The AIEE Transactions for 1964 (volume 73) is published in three parts: Part I. Communication and Electronira, 
Part II Applications and Industry: and Part III. Power Apparatus and Systems. (Part III is divided into 
twToarts- III-A consisting of pages 1-832, and III-B, consisting of pages 833-1780. The Index for both parts 
appears at the end of III-B.) The papers in each of the three parts are classified according to subject matter as 

follows: 

Part I. Communication and Electronics Part II. Applications and Industry Part HI. Power Apparatus and Systems 


Communication Switching Systems 
Radio Communications Systems 
Special Communications Applica¬ 
tions 

Telegraph Systems 
Television and Aural Broadcasting 
Systems 

Wire Communications Systems 
Basic Sciences 1 ^' 

Computing Devices # 

Electrical Techniques id Medicine 
and Biology 

Electronic Power Converters 
Electronics 

Instruments and Measurements 
Magnetic Amplifiers 
Metallic Rectifiers 
Nucleonics 


Air Transportation 
Domestic and Commercial Applica¬ 
tions 

Land. Transportation 
Marine Transportation 
Production and Application of Light 
Chemical, Electrochemical and Elec¬ 
trothermal Applications 
Electric Heating 
Electric Welding 
Feedback Control Systems 
General Industry Applications 
Industrial Control 
Industrial Power Systems 
Mining and Metal Industry 


Carrier Current 
Insulated Conductors 
Power Generation 
Protective Devices 
Relays 

Rotating Machinery 
Substations 
Switchgear 
System Engineering 
Transformers 

Transmission and Distribution 


Education 

Safety 

Research 


Each part has been indexed separately in the back of that particular part. The three parte are not 
hence the user should determine first whether the subject matter of the paper desired is m the field of commumc^teon 
and electronics, applications and industry, or power apparatus and systems. Papers are listed m tte subject index 
under several key words in the titles. The original numbers assigned to the papers are given m the author index. 
Volume 73 contains the technical papers and related discussions presented at these meetings. 


1. Winter General Meeting, New York, N. Y., January 18-22, 1954. 

2. North Eastern District Meeting, Schenectady, N. Y., May 6-7, 1954. 

3. S umme r and Pacific General Meeting, Los Angeles, Calif., June 21-25, 1954. 

4. ^Middle Eastern District Meeting, Reading, Pa., October 5-7, 1954. 

Fall General Meeting, Chicago, Ill., October 11-15, 1954. 


Statements and opinions given in the papers and discussions published in Transactions are the expressions of the 
contributors for which the American Institute of Electrical Engineers assumes no re p y. 
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Flow of Energy in Synchronous Machines 


E. I. HAWTHORNE 

MEMBER A1EE 


Synopsis: The flow of energy is traced in a 
typi cal , somewhat idealized 3-phase alter¬ 
nator, using an adaptation of Poynting s 
vector together with a discussion of this 
procedure. Following the specification of 
the electromagnetic field, quantitative analy¬ 
sis of the flow of energy in the gap, at the 
surface of the rotor, and into and out of the 
stator conductors is presented under no 
load, at a unity-power-factor load and then 
for any power-factor load. Qualitative 
description of the flow of energy in the inter¬ 
mediate regions and to the output terminals 
of the machine is then given, together with a 
brief discussion of the extension of this 
analysis to other machines and to less ideal¬ 
ized situations. 


A STUDY of tlie flow of energy in a 
synchronous polyphase a-c machine 
is carried out on the basis of the analysis 
of the electromagnetic field within the 
machine. This constitutes the second 
phase of the study of energy flow in ro¬ 
tating machinery, following a previous 
analysis of the d-c machine. 1 The objec¬ 
tives of this investigation are the same as 
those stated in the above paper: to af¬ 
ford a better understanding of the opera¬ 
tion of machines from an educational and 
analytical standpoint, and possibly to be 
of some value in the improvement of 
their design. 

The basic assumptions and the result¬ 
ing limitations of the analysis remain es¬ 
sentially the same as in the d-c case. The 
major weakness is the postulated linearity 
of the problem, which neglects saturation 
and hysteresis effects. Since the inclusion 
of ohmic losses complicates the analysis 
somewhat without essentially altering the 
basic principles involved, the conductors, 
as well as the iron, will be assumed to have 
negligible losses. (Conductor losses could 
be easily included in a manner analogous 
to their treatment in the d-c machine in 
reference 1.) Steady-state operation at 
constant speed of a cylindrical rotor 
machine with a uniform, small gap will be 

Paper 54 - 109 , recommended by the AIEE Basic 
Sciences Committee and approved by the AIEE 
Committee on Technical Operations for presen¬ 
tation at the AIEE Winter General Meeting, New 
York, N. Y., January 18-22, 1954. Manuscript 
submitted September 8, 1953; made available for 
printing November 20, 1953. 
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considered. A uniform symmetric poly¬ 
phase stator winding will be assumed, 
composed of many closely spaced conduc¬ 
tors, and effects of nonuniformity pro¬ 
duced by the presence of slots and venti¬ 
lating ducts will be ignored. The per¬ 
meability of iron will be assumed much 
greater than that of air. A 2-pole d-c ex¬ 
citation will be assumed, whose magnetic 
field intensity in the gap has a sinusoidal 
space variation. The flow of energy as¬ 
sociated with the maintenance of the d-c 
excitation will again be ignored. (This 
corresponds to permanent magnet ex¬ 
citation and was similarly done in the 
analysis of the d-c machine in reference 1. 
The flow of energy associated with the d-c 
excitation of the rotor is analogous to the 
flow 'of energy in a simple reactor, and 
contributes a negligible amount to the 
over-all picture of energy flow in an a-c 
machine.) 

In particular, a 3-phase wye-connected 


full-pitch single-layer alternator with two 
conductors per turn will be analyzed at 
no load, under a unity-power-factor load, 
and under any power-factor load. Ex¬ 
tension of the analysis to any other syn¬ 
chronous machine will then be discussed. 

The main new aspect of the problem, in 
contrast to the d-c machine, is that time- 
varying fields are present. Consequently, 
additional components of the energy 
flow vector 2 appear and must be included 
in the analysis. However, because of the 
relatively slow time variation of the field 
vectors at power frequencies, certain of 
these components may be safely neg¬ 
lected, as discussed in Appendix I, in line 
with the arguments that underlie the con¬ 
cepts of energy flow; that is, with a given 
postulate of electromagnetic energy, all 
flow vectors having the same, or nearly 
the same, required value of divergence 
are equally valid and equally significant 
physically. 2 

The approach will again consist of 
first specifying the electromagnetic fields 
present in the region of the machine under 
consideration. Employing the conven¬ 
tional postulate of electromagnetic energy 
a modified suitable form of Poynting s 
vector 2 will then be constructed from the 


Nomenclature 


The rationalized absolute meter-kilogram- 
second-MKSA) system of units is presumed. 
Vector quantities have the usual, bold-face- 
type designation. Co-ordinate direction of 
vector components is designated by super¬ 
scripts. 

a =subscript designating the stator as source 
A =phase belt designation 
&=subscript designating the rotor as source 
J3 = phase belt designation 
B— magnetic flux density 
c =subscript designating active (cosine) 
components 

C=phase belt designation 
d —designation of a differential, or derivative 
D= diameter of the rotor 
E= electric field intensity 
/=frequency 

functional designation 
2 = gap width . • • 

G= normalized flow vector function (see 
equations 23 and 24) 
conductor height 
H=magnetic field intensity 
i =instantaneous current 
I=rms value of current 
J=current density 
=an integer , 

kd = distribution factor of the stator winding 
m =integral designation of phase belts 
angular speed, revolutions per minute 
N=> number of turns 
£=power 

p 0 =s power output of the machine 

P=energy flow vector 

q- vertical co-ordinate in conductors 


function (see 


r=radial co-ordinate 
k== normalized flow vector 

equations 36 and 37) > . 

subscript designating reactive (sine) 
components ^ 

s=distance „ . , 

5=normalized flow vector function (see 
equations 28 and 29) pfe 

f=time „ .. w, ^ 

T=normalized flow vector function*'(see 
equations 47, 48, 54, and 65) 
u =normalized axial co-ordinate z (see equa¬ 
tion 44) . 

U= normalized flow vector function (see 
equations 71, 72, 74, and 75) 
v=velocity of the surface of the rotor 
y«=rms value of generated voltage per 
phase 

x =reference co-ordinate 
y =s reference co-ordinate 
2 =axial co-ordinate 
Z=number of stator conductors 
a —ratio of gap width to rotor radius 
8 =power-factor angle of lag 
5=angular displacement between successive 
conductors (see equation 44) 
g( go)=permittivity (of free space) 

6 =angular co-ordinate 
X=axial length of the machine 
n(u 0 )=permeability (of free space) 
x=ratio of circumference to radius 
=3.14159 

p=electric charge density 
renormalized time co-ordinate (see equa¬ 
tion 2) 

u =angular speed of the rotor 
5=designation of a partial derivative 
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iStator Fig. 1. Co-ordinate system 



zero, the Ei and E 2 components cancel. 


Strictly speaking H' and v vary with r 

across the gap space. For the present it 
interaction of the electric and magnetic ^ t0 consider a ^ gap g « 

field components present, omitting, in D Variation with radial distance is 
line with the discussion in Appendix I, treated Appendix n , where it is shown 
those components which by virtue of bc ^ minor consequeIK:e . It is ^ 
having aero or neghgibly small divergence showp ttere _ that even for an appreciabl( , 

contribute little to the predominant mode width of gapi is independmt of 

of energy flow in the machine. We have then 


Alternator at No Load 

The revolving steady magnetic field of 
the rotor appears as a sinusoidal, time- 
varying quantity with respect to the sta¬ 
tionary co-ordinate system of the stator, 
shown on Fig. 1. This magnetic field in¬ 
tensity in the gap, radially directed for the 
assumed high-permeability iron, may be 
written as 

cos (e-r) (1) 

for a suitably chosen phase reference. 
H' is the amplitude of the wave and r 
is the normalized time co-ordinate 

t=w/=(2d/D)/ (2) 

where the angular frequency a is 

u*=2v/D=2wf=2irn/(10 (3) 

For a complete period, t—rDfv, corre¬ 
sponding to t— 2jt. 

As in the case of the d-c machine, 1 a 
charge distribution exists on the stator 
conductors, setting up an electric field 
which just counterbalances the vXB force 
exerted by the revolving field on the con¬ 
ductor charges. Alternately, choosing 
the viewpoint of the “flux linking’’ induc¬ 
tion law, rather than that_of the “flux* 
cutting* ’ v X B law, a total E« field may be 
said to be associated with the stator con¬ 
ductors, composed of two components de¬ 
fined as follows 

E 0 =Ei+E2 (4) 

divEx®——; curl Ei=«0; divE 2 =0; 

«o 

curl E 2 = (5) 

ot 

The E 2 component is readily identified 
with the vXB effect and may be calcu¬ 
lated from it in the gap as 

Bf- 0; &•-<); cos(0-t) (<S) 


E t z (0,T)~(iJwDH'/2) cos (0-r) 

==jE cos (0—r) (7) 

where £ is a constant amplitude. 

The energy flow vector 

P=EXH (8) 

is thus seen to exist at no load in the gap, 
where it has two parts, EjXH 6 and E 2 X 
Hj. The former vector, by arguments pre¬ 
sented in Appendix I, has a negligibly small 
divergence in the gap, and therefore rep¬ 
resents a merely circulatory flow of energy, 
whose conceptual origin lies in the basic 
formulation of the postulate of electromag¬ 
netic energy flow. 2 This vector is hence 
of no consequence in the study of the over¬ 
all transfer of power, and may be disre¬ 
garded. The latter part is a ^-directed 
vector of magnitude 

Pto 0 {fi,T)=W>D(H')V 4]X 

[1-fcos (20—2r)] (9) 

Since Hf and E{ reverse polarity simul¬ 
taneously, this vector has the same 0 
sense everywhere. Its divergence is seen 
to be — nau(H'y sin (20—2r), and has 
a zero average value. The flow of energy 
associated with it is circulatory in nature 
and no net transfer of power takes place. 
With respect to the stator, the flow vector 
of equation 9 has two components: one 
constant, and one a wave traveling in the 
+0 direction with a velocity v. With re¬ 
spect to the rotor the situation is re¬ 
versed, the latter being a constant com¬ 
ponent, and the former a wave traveling 
in the —0 direction. From either stand¬ 
point, the analysis of the no-load condi¬ 
tion yields the expected conclusion of zero 
net power transfer, and a merely circula¬ 
tory flow of energy. 

The conclusions of this section hold 
whether or not there are any stator con¬ 
ductors. Their presence simply serves to 
“generate” the additional Ei field, which 


accounts for the developed open-circuit 
terminal voltage of the machine. 

Unity-Power-Factor Load— 

General Discussion 

The electromagnetic field and the flow 
of energy in the machine are modified con¬ 
siderably under load and depend on the 
power factor, that is, the phase relation 
between the rotor field H& and the field H« 
of the stator currents. The special case 
where the peak of the H& field passes 
through the center of the stator phase 
belt at the instant when the current in 
that belt is a maximum, corresponding 
closely to a unity-power-factor load, will 
first be treated. 

The sinusoidal stator currents modify 
the field in the machine primarily by con¬ 
tributing a magnetic field intensity H a - 
The contribution of an electric field E« 
will be neglected. The path of the stator 
magnetomotive force, especially at unity 
power factor, is largely in air, and the 
stator magnetomotive force is usually 
considerably smaller than the rotor mag¬ 
netomotive force. (At worst, this analysis 
may be said to provide a first approxima¬ 
tion to the flow of energy in a lightly 
loaded machine.) Inclusion of the effect 
of E„ in the analysis is straightforward, as 
was demonstrated in the case of the d-c 
machine, 1 but it complicates the equations 
somewhat without appreciably affecting 
the resultant conclusions with respect to 
energy flow. 

The interaction of the H& field with the 
E field still yields a circulatory flow of 
energy, as evident from the discussion of 
the unloaded machine. (This is true even 
if E a is appreciable, since the argument 
with respect to Ei is unchanged, and the 
resultant modification of the amplitude 
and phase of E 2 does not alter the con¬ 
clusions of the previous section.) The 
flow-vector components to be studied, 
that appear under load, are then 

Pi=EiXH fl ; P 2 =E2XH a (10) 

The vector Pi describes the energy that is 
“generated” within the stator conductors 
and flows to the machine output ter¬ 
minals. The vector P 2 describes the flow 
of energy from the rotor structure, where 
mechanical energy is being supplied, across 
the gap, and to the stator conductors, 
where it supplies the Pj energy, equal and 
opposite to it there. It will be observed 
that at the rotor surface the P 2 compo¬ 
nent, representing an interaction of the 
stator magnetomotive force with the 
electric field induced by the rotor mag¬ 
netomotive force, is directly related to the 
mechanical torque present. Space does 
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not permit a further discussion of the 
mechanical aspects of energy flow and 
-conversion. 

The Magnetic Field of Stator 
Currents in the Gap 

The magnetic field intensity H„ in the 
gap will first be specified with the aid of 
Fig. 2, where the developed stator phase 
belts are shown for an assumed ABC se¬ 
quence. The time reference is suitably 
chosen, for the assumed unity-power-fac¬ 
tor condition, so that the magnetic field 
intensity Hf of the rotor, drawn for r - 0, 
is at its positive peak in the center of the 
belt A, in whose conductors the currents 
(into the paper) are maximum at this in¬ 
stant. Thus 

U=I>/2cos t (11) 

cos (t—2^/3) (12) 

cos (r—4ir/3) (13) 

The field intensity H fl (9, r) in the gap, pre¬ 
dominantly radial, is composed of three 
parts 

H a T (e,r)=HA T (0,r)+H B r (9,T)+ 

Hc\9, r) (14) 

due to currents in phase belts A—A', 

B — B' and C—C', respectively. These 

three components have the same relative 
dependence on 6 but differ in space posi¬ 
tion and in time phase. The H/ com¬ 
ponent is shown on Fig. 2 at r=0 as a 
function of 9. It is called Fa (9), and can 
be readily described mathematically for 
the assumed large number of conductors. 
In general 

= F A (d) • cos r (IS) 

Hb\9,t)=* Fb($) -cos (t— 2ir/3) 

-F a (0- 27t/3)'COS (t— 2ff/3) (16) 

Hc T (6,T)=*F c (e)-cos (r-4ir/3) 

=sFa(0-4x/3)‘COS (t— 4ir/3) (17) 

The maximum value H of H/ may readily 
be shown to be 

tf=(V2ZI)/(12g) (18) 

The complete field H b may now be cal¬ 
culated. Its expression for the six regions 
specified by the integer m (shown on Fig. 
2), where 

m=0, 1, 2, 3, 4, 5 for belts 

A, C‘, B, AC, B respectively (19) 

is 

H a T (9,T,m)=Hy/Z sin (t-wit/3)- 

—|(0-wir/3) cos (r—mir/3) (20) 

7T 

The above expression is more exact than 
the usual textbook approximation of the 


travelling stator field wave, which uses 
the fundamentals of the Fourier expan¬ 
sions of the F ( 9 )’s only, and which is not 
sufficient to study the flow of energy prop¬ 
erly. Thus the HJ field in the gap con¬ 
sists of two components, one independent 
of 9 and the other varying linearly with 9 
for an assumed large number of stator 
conductors. 

Flow of Energy in the Gap 

The flow vector P 2 of equation 10 is 9 
directed in the central region of the gap, 
but acquires a radial component in the 
vicinity of the conductors due to the 
curvature of the H a lines. This Pi com¬ 
ponent in the gap may be evaluated from 
the expressions for E* and HJ of equa¬ 
tions 7 and 20, respectively. Since the 
generated voltage per phase has an rms 
value of 


where k d is the distribution factor, here 
equal to Z/v (see, for example, reference 
3), we have, using equation 18 

P t *=— [G(0,m)+G'(9,r,m)] (22) 

G(M0 = ““/| sin ( o-mx/z )— 

-(6—mir/B) cos (0—mir/3) (23) 
6 

G'(9,T,m ) = — 12 ^g sin [(0-mir/3)- 

2(r-mir/3)]-i(0-mir/3) cos 
6 

[(0—mw/3)— 2(t— mx/3)] (24) 

The Pi flow vector consists of two 
parts whose normalized values are the 
G and G f functions above, where G is in¬ 
dependent of time and represents the 
average value of Pi at any 0. Note that 
the ratio 3 VT/Xg, which served to nor- 


7=(l/\/2)2E\ZW6 


( 21 ) 



Ea* field is into the paper 
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STATOR IRON 



Fig. 3 (left). Fig. 4. A typical stator conductor 

Normalized flow- 
vector functions, G 

(0)/ R (0)» and S (0). p 2a ' , j w ith the factor ZVI/ttDX represent- 
G (0) is magnified • an avera g e fl ow G f the total machine 

200 times 6 6 


malize P 9 in equation 22, stands for the 
total power delivered by the machine 
divided by the cross-sectional area of the 
gap. 

It is readily seen that the variation 
with 0 is identical under each belt for both 
G and G', the latter having an additional 
time phase lag of ir/3 radians per belt. 
For example, if in the region of belt C' 
(nt— 1), a variable 6', measured from the 
center of this region, be defined by 9— 
0'+7t/ 3, and this value of 9 be inserted 
in G and G' for belt C', the resultant varia¬ 
tion with 0' becomes identical with the 
variation of G and G' with 6 in belt A (m— 
0). Without loss of generality, m may be 
set equal to zero in equation 23. The re¬ 
sultant normalized average flow vector 
over any belt is plotted on Fig. 3. Note 
the symmetry of this G (9) with respect to 
the center of the belt (0=0), as is readily 
seen from equation 23. Further study 
of Fig. 3 reveals that the flow of energy 
is directed toward the center of the belt, 
where it falls to zero. Furthermore, there 
is no net outward flow of energy out of the 
gap under a belt, since G is zero at both 
boundaries. 

The situation described applies to the 
center portion of the gap. In the vicinity 
of the stator and the rotor, the curvature 
of the H lines bends the P vector so as to 
direct the energy out of the rotor into the 
gap and out of the gap into the stator. 
A more complete picture of energy flow 
will be obtained following the study of the 
conditions at the rotor and stator sur¬ 
faces; the distribution of the flow vector 
over these surfaces must be consistent 
with the above variation of P 9 with 9 in 
the gap, so that an energy balance is al¬ 
ways maintained, both on an over-all, in¬ 
tegrated basis, and for each infinitesimal 
strip of the gap of width Dd9/ 2. 


Energy Flow in the Region 
of the Stator Conductors 

Turning our attention now to the con¬ 
ditions within the stator conductors, we 
observe that both Pi and P 2 vectors of 
equation 10 are present. Although for 
lossless conductors, they are everywhere 
equal and opposite, it will be illuminating 
to concentrate for the moment on the P 2 
component alone, which, represents a 
continuation of the P 9 component in the 
gap, following its curvature near the sur¬ 
face of the stator. 

Consider a typical &tli conductor of 
Fig. 4, assumed rectangular in cross-sec¬ 
tion. The field Ea within it is still given 
by equation 6. The magnetic field of the 
conductor current, which from equations 
11 to 13, and 19 may be written as 

i(r,w)=J\/2 cos (r—»zir/3) (25) 

is in the —9 direction and can be easily 
calculated to be 

2 

H a 9 (q,r,m)<= 2»(r,m) (26) 

The above assumes closely spaced con¬ 
ductors and high permeability iron. The 
flow vector P 2 is therefore directed radially 
upward, and is given by equations 8,6, and 
26, with the aid of equations 25 and 21 
as 



[5(0,m)+5'(0,T,m)] (27) 

S(9,m) =—cos (0—*»«•/3) (28) 

3 

5'(0,r,m)=£■ cosX [(0—mir/3)— 

3 

2(r-«ir/3)] (29) 
The 5 functions are normalized forms of 


Po=3VI (30) 

across the stator surface wDX. 5(0,w) is 
independent of time, and represents a 
time average of P 2 /. Once again perio¬ 
dicity with respect to the six belts exists, 
and an analysis per belt is sufficient, set¬ 
ting m=0 in equations 28 and 29. The 
S(9) function is plotted on Fig. 3. It is ap¬ 
parent that the net transfer of rotor en¬ 
ergy to the stator conductors is not uni¬ 
form but is symmetric with respect to the 
center of the belt. Since the average 
value of 5(0) is unity, i.e. 

3 /V# 

5av— / 5(0)d0 = 1 (31) 

V-t/6 

the total average power input to each belt 
is given by 


3 VI ifD\ pt 
tfD\ 6 6 


(32) 


as a check on the procedure. 

We note that Ptf, varies linearly with q 
within the conductors—a consequence of 
assumed uniform current distribution. 
Everywhere within the conductors, this 
energy is being continually converted to 
the equal and opposite Pi/ energy; the 
rate of conversion, proportional to bP-zJ/ 
bq, being constant, with no net loss of 
energy. Had the conductor losses been 
included in the analysis, then the dif¬ 
ference between the PjJ and P u r flow 
would account for these losses, adding fur¬ 
ther meaning to the separation of energy 
flow into these two components. This 
extension of the analysis may easily be 
performed as was done in the d-c ma¬ 
chine, 1 but will not be presented here. 
Inclusion of skin effect or more complex 
conductor geometry would require a cor¬ 
responding modification of the H a field 
within the conductors, resulting in more 
complexity in the expressions for energy 


Hawthorne—Flow of Energy in Synchronous Machines 


March 1954 


4 


flow vectors, without fundamentally al¬ 
tering the picture of energy flow. 

The exact analysis of the transition re¬ 
gion just below the surface of the stator, 
where the curvature of the H a field bends 
the lines of Pf flow in the gap until they 
become the lines of the P^ flow at the 
conductors, cannot be easily done analyt¬ 
ically, as it requires the complete knowl¬ 
edge of the magnetic field distribution, 
but it may be performed graphically. 


Energy Flow at the Surface of the 
Rotor 


As already noted, the energy flow vec¬ 
tors in the gap and at the stator conduc¬ 
tors are neither uniform with the angular 
co-ordinate 0, nor is their variation with 0 
the same. This difference must, of 
course, be accounted for, in order that an 
energy balance be everywhere preserved, 
by the flow of energy at the rotor surface. 
While the exact specification of the fields 
there is quite complex, the resultant radial 
component of the flow vector PiJ may be 
at once found from the energy-balance re¬ 
quirement. 

Consider a slice of the gap of thick¬ 
ness DdO/'l, height g, and length X, shown 
on Fig. f>. In steady-state, instantaneous 
energy balance requires that 

WdOf 2[JV(0, r)-iV(0. r)]+ 

'KgiP’iifi, r) — P« e (0+d0, r)]=0 (33) 

Consequently 

iV =P i a r +(2g/D)(bP i °m (34) 

Evaluating, with the aid of equations 22 
to 24 and 27 to 29 

JV J[R(e. m)+R'(0, r, tn)\ (35) 

irD\ 



cos (0—mv/ 3)+ 


7T 

3 


(0 


-nnr/ 3) sin (fi—mv/B) 


(36) 


»' = cos [(0— mir/'S)— 2(t— mw/3)]+ 

C.\/3 

"(0 — mir/'S ) sin [(0 —mir/Z)— 

2 ( r — «tir/3)l (37) 


The R functions are, in analogy with the 
5 functions of equations 28 and 29, nor¬ 
malized flow vector components, which 
are again periodic with respect to the six 
belts. Here again, R of equation 36 
represents the time average of the Py, 
vector component, and is plotted on Fig. 
3 together with G and S. It is symmetric 
with respect to the center of the belt and 
its average over the belt is again unity. 

An over-all picture of the average flow 


of energy from the rotor towards the 
stator can thus be obtained at a glance 
from Fig. 3. Energy flows radially out of 
the rotor, mostly at the boundaries be¬ 
tween the phase belts when viewed from 
the stator. The flow is directed towards 
the center of the belt in the gap, curves 
and then flows radially into the rotor 
conductors, mostly in the central region 
of each belt. This picture of energy flow 
is consistent with the qualitative discus¬ 
sion of energy flow in a salient-pole al¬ 
ternator discussed by Slepian, 4 where it 
was demonstrated that the flow out of the 
rotor occurs mainly at the pole tips, cor¬ 
responding to the boundaries of the as¬ 
sumed 2-phase windings. 

It is of interest to remark further on the 
time-varying components, GS', and R'. 
Letting for generality 

0'=0—mir/3; r ' = T — mi r/3 (38) 

equations 37,24, and 29 may be rewritten 
as 

R ' --^=cos[0 / +2(t / -0')1- 

6V3 

Vsin [0'+2(r'—0')] (39) 
o 

G'=— *-r- sin [0 , +2(r / —0')] — 

12V3 

^cos[0'+2(r'-0')] (40) 

5'=-cos[0'+2(r , -0 / )] (41) 

o 


energy flow with respect to the change 
of the frame of reference, as required. 

Flow of Energy to the Output 
Terminals 

The flow vector Pi of equation 10 will 
now be shown to redirect the energy, 
which crosses the gap into the stator con¬ 
ductors, out of the stator conductors and 
towards the machine output terminals. 
This flow is analogous to the flow of en¬ 
ergy in d-c machines 1 out of the armature 
towards the output terminals, except for 
the time variation here. 

Within the stator conductor, the flow 
vector P\ is, as mentioned previously, 
equal and opposite to PzJ of equation 27, 
except for lossy conductors, where the 
difference between them accounts for the 
internal ohmic loss. As the lines of the Pi 
vector emerge from the stator conductors, 
they curve as a result of the curvature of 
the H a field, and because the Ei field of 
the stator charges acquires a 0-directed 
component. The Pi vector thus acquires 
0-directed and z-directed components. 
Once again, because of the complexity of 
the field in the immediate vicinity of the 
conductors, we proceed to analyze the 
flow in the region of the gap sufficiently 
removed from the stator, past this transi¬ 
tion region, where only these last two 
components are present, leaving the tran¬ 
sition region to a graphical solution, or to 
an approximate graphical fill-in proce¬ 
dure. 


With respect to the rotor frame of refer¬ 
ence (that is, letting 0= r in the foregoing 
these expressions reduce to —R, —G, and 
—5 functions of equations 36, 23, and 28, 


In this region the H 0 field is again given 
by equation 20, and the E\ field by the 
negative of equation 6 for lossless con- 



Fig. 5. Flow of energy in a differential slice of the gap 
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Fig. 6. Net flow of active energy in the gap. Pictorial representation 


eductors. Using equation 21, this may be 
written 

r)-—•-cos(0-r) (42) 

ZfA 

In addition, an E\ (0, z, r) field appears, a 
result of the charge distribution along the 
conductors, which manifests itself as a 
potential drop between successive con¬ 
ductors. The expression for this field, 
derived in Appendix III, is 


j~— cos(0—sin (0— r)l (43) 

where 

** *=*s/Xand8=>2r/Z (44) 

are defined as the normalized z-co-ordi- 
5 La ^ :e an d the angular displacement be¬ 
tween conductors in radians, respectively. 
Tlie energy flow vector P x has, there- 
° re » "two components 

— W and Pf =- Ei°H a r (45) 

* s readily seen that for lossless con- 
xictors, the Pi component is exactly 
9Tual and opposite to Pf of equation 22. 
a Ppears, therefore, that, except for 


stator losses, it is superfluous to consider 
any of the studied components, except the 
Pwi flow of equation 35 and the Pi* flow 
below. The upward flow of energy from 
the rotor, after appropriate curvature in 
the transition region, virtually becomes 
the z-directed flow in the gap to the out¬ 
put terminals; the intermediate stages of 
the energy flow, described successively by 
Pz, P ia } Pi a r > and Pi, merely represent 
an alternating undiminished flow into and 
out of the stator. For lossy conductors, 
however, these intermediate stages are 
quite essential, since they depict the 
manner in which stator losses are supplied 
in the process of transfer of energy. 

Under either viewpoint, the flow of en¬ 
ergy to the output terminals is described 
by the Pi* component in the gap. For the 
lossless machine, this component may 
now be evaluated from equations 45, 43, 
and 20, and using equations 18, 38, and 
44, thus yielding 

3 vi 

Pf-^ine', z)+T'{9', z, r')] (46) 


z r su ~1 

- e I - cos 0'+ — sin 6' (47) 


TW.z, 0-£^=[- sin(0'-2r')- 

Su 1 Z 

~ cos (0'—2r')J+ — 0'X 

cos (0'—2r')-f~ sin (0'-2 t')J (48) 

Periodicity of the above expressions with 
respect to the phase belts is again ap¬ 
parent, and it will suffice to consider the 
.4-belt only, where 0'=0. The average 
power output from a differential slab of 
the gap of area g\ and width DdO/2 is 

ip - (gDde/2)(^~) ( T(e. X)- 7 T 0 ,0) ] (49) 

(50) 


/•'Tj!_ 

L2V3 


cos0+0sin0 <f0=»l (51) 


a check on an over-all energy balance is 
obtained. Furthermore, comparison with 
equations 35 and 36 shows that this dif¬ 
ferential power flow dp is 

3 VI 

#=^P(0)(PXd0 /2 ) (52) 

indicating that an energy balance holds 
for each differential slab of the gap, with 
the P 2b r flow eventually becoming the Pi* 
flow in the gap. This check is particularly 
gratifying, since these flow vectors were 
obtained by different methods. 

Consider the T function of equation 47 
in more detail. It may be' convenientlv 
looked upon as composed of two parts, one 
independent of z, and one varying line¬ 
arly with z 

T{B,z) = Ti(9)+uT 2 {0) (53) 


)A— 

3L2V3 


sin 0-0 cos 0 =2ZG(,0) 


r 2 (0)«~[^~| cos 0+0 sin 0 J =i?(0) (55) 

The ^ function corresponds closely to the 
G function of equation 23, the average 
component of the P 2 e flow vector. Its 
average over the belt is zero, and it rep¬ 
resents energy that is circulating within 
the gap, in the direction of the rotor axis 
in the trailing half space of the belt, and 
in an opposite direction in the leading 
half space. (These directions of circula¬ 
tory flow in the gap are reversed if the 
sense of phase belt windings with respect 
to the sense of rotation is opposite to tha t 
assumed here.) The amount of this cir¬ 
culating energy is directly proportional 
to the number of conductors Z. The P 2 
function on the other hand, independent 
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of Z , represents the net flow of energy out 
of the machine. Its functional depend¬ 
ence on 6 is the same as that of the R 
function of equation 36, to which it is 
identically equal, as shown plotted on 
Fig. 3. Thus, the axial average net- 
energy flow vector in the gap has the 
same distribution in 0 as the radial aver¬ 
age energy flow vector at the rotor sur¬ 
face, starting from zero at one end of the 
machine and increasing linearly with z 
over the axial length X to its maximum at 
the other end surface, by virtue of the 
coming energy from the rotor below. The 
situation is depicted on Fig. 6. 

It remains to indicate how this P*~ 
directed flow, or, specifically the 7j flow, 
reaches the machine output terminals. 
Fig. 7 shows qualitatively the conditions 
that prevail when one complete phase 
(belts A and A') is viewed as a whole. 
The Maxwellian potential drop between 
the A and A' conductors sets up a leakage 
field E/, which, together with the mag¬ 
netic leakage field H' results in a trans¬ 
mission-line-like flow of energy along this 
A — A' “transmission line,” as discussed 
by vSlepian, 5 and described by the P' = 
E/XH' flow vector. Analytical treat¬ 
ment of this flow, including, for example, 
the space curvature of the Pi*, lines into 
the P' lines along this “transmission line,” 
is beyond the scope of this paper, but it 
should be clear from the fundamental 
analysis underlying the concept of the 
V-i postulate in the reference cited that 
an over-all energy balance is at all times 
preserved in the process. 


Flow of Energy Under Arbitrary 
Load Condition 

Generalization of the previous analysis 
to any load may now be made. The es¬ 
sence of this generalization lies in the fact 
that, in general, the current in the stator 
conductors may have an algebraic phase 
lag of 0 radians (lead corresponding to 
negative values of 0) with respect to the 
induced electromotive force proportional 
to E-l or to PI/. The simplest approach 
is to retain the expressions for the cur¬ 
rents and their fields of equations 25, 20, 
and 26, and to modify the corresponding 
expressions for the fields Ha, E and the 
power output to read 

p 0 =3VI cos/3 (S6) 

O-r V 

—cos(0-r-0) (57) 

IjK 

cos (e-r -0)+~x 

sin (0 —t— 0)1 (58) 


The corresponding physical interpreta¬ 
tion is that now at the instant when the 
current in a belt is maximum, the mag¬ 
netomotive-force wave of the rotor will 
have moved forward by an angular dis¬ 
placement of 0 radians with respect to the 
center of the belt. 

It is convenient to expand the com¬ 
ponents of E into in-phase (active) and 
out-of-phase (reactive) components, des¬ 
ignated by subscripts c and s 

-E/=E/=Ei/+Et/ (59) 

Ei e =Ei c e +E is e (60) 


5F 

Etc = — 7=~ COS 0 cos (0— r) 
V2X 

_ o SV . a . /A . 
2^=-^ sm 0 sm (0—r) 

Ei e ° = 2 ^ - — cos <3X 


D 

[- 


. . , Su . 

cos (0 —t)+— sm 


in (0— t) J 


(61) 

(62) 

(63) 


.Sis' 


0 _2V2V_, 


D 


sin/SX 


sin (0— r)—— cos (0 —t) J (64) 
The active c components combine with 


the H a field yielding the active-flow vector 
components which are identical with 
those previously described under unity- 
power-factor load, except for a multiply¬ 
ing factor of cos 0 throughout, which, in 
view of equation 56, is consistent with the 
requirement of energy balance. The 
reactive 5 components are therefore ex¬ 
pected to result in zero net energy trans¬ 
fer. Their derivation, which is analogous 
to the previous procedure, yields 




[P(0, w)+P'(0, r, m )] 

(65) 

fzvi\ 


^ sin 0'+^ sin (0'—2r') J 

(66) 

p “'"© 2 ’ sta ^ x 


[G(0, w)+G'(0, t, m)] 

(67) 

Pi/ =— p 2 0 /(lossless stator) 

(68) 

P ls ® = — P 2s ®(lossless stator) 

(69) 

Pi/=~~sin0X 

irJJg 


[U(Q, z, m)+ u\e, 5, r, m)] 

(70) 


BELTS 



Fig. 7. Flow of energy to the output terminals 
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Fig. 8. Net flow of reactive energy In the gap. Pictorial representation 


u(0, s ,«/)“- cos 0' } "!' sill /;'Ji- 

~ sin vm fl'J (71 i 

tz r 

tJ (ft, s, r, wi) =S | 1 ^"J cos 

fitl , , , ~l /. 

2 sm (ff'~LV) 

sin ( 0'~2t ')~- ~ cos (72) 

Splitting the function, in analogv with 
equation 53 

U(6, z) = lh(0)+uU»(p) ( 7 3) 

Ui{6) “ cos O' -6 sin ff'J 


»- /«?(<?) (74) 

r 


7T *1 

W) ““si 2^71 sln °'~ 0 '«« O' 

~2tG($) (75) 

Inspection of the above expressions re¬ 
veals that the reactive energy flow is en¬ 


tirely cirotilivtory in nature. The P is °, 
llovv results in zero net average energy 
transfer oirt of the gap and, in conjunction 
with llie rotor output and s-directed flow 
in lilt; gap, represented by the compo¬ 
nents and Ui, respectively, consti¬ 

tutes si <urox.il a/tory flow, which originates in 
tin* !osi<lin& lialf-belt space, then returns 
after completion of the loop to the rotor in 
the trailing Inalf-beltspace. (Thecircula¬ 
tor v ll«:»w <li reetion conventionsareas given 
following ecj nation 55.) The situation is 
depleted oil I T ig. 8. The XJ x component of 
till' sdirected flow vector does not con¬ 
tribute any net transfer of energy by its 
very nature. Toeing constant with z, but 
represents once again a circulation of 
energy of an amount proportional to the 
number of conductors. 

Concluding Remarks 

The analysis given presents one pos¬ 
sible picture of the flow of energy in an 
alternator, where, it is hoped, only the 
significant aspects of the problem were 


outlined. The picture is far from a com¬ 
plete one, since only a somewhat ideal¬ 
ized alternator has been treated. While 
an extension of the analysis in certain 
cases is fairly straightforward, an attempt 
to remove several assumptions would con¬ 
stitute a formidable task. Inclusion of 
conductor losses has already been dis¬ 
cussed here, and outlined in a previous 
paper on d-c machines 1 ; it presents no 
special difficulty. Variation with radial 
distance for an appreciably thick gap is 
considered in Appendix III. Extension 
of the analysis to synchronous motors is 
likewise straightforward. 

The refinement of the foregoing anal¬ 
ysis to take into account such practical 
effects as saliency, nonuniform gap, the 
presence of slots and ventilating ducts, a 
finite number of conductors of practical 
size and shape, or relatively low-permea¬ 
bility iron with, perhaps, appreciable 
losses, entails serious computational dif¬ 
ficulties and requires the exact specifica¬ 
tion of the fields, which must be obtained 
by a point-to-point field plot or by meas¬ 
urement. Such information is, indeed, 
required even in the idealized machine 
for the electric field in the transition re¬ 
gions, discussed in the paper, for the com¬ 
plete specification of the flow vectors 
there. Elimination of the assumption of 
linearity to include saturation and hys¬ 
teresis effects presents a most serious 
conceptual as well as computational ob¬ 
stacle. This has not been attempted. 
At worst, the analysis based on these lat¬ 
ter assumptions may be only deemed 
valid for lightly loaded machines at low 
voltage (low speed or low excitation). 

In spite of these shortcomings, it is 
hoped that the study of energy flow pre¬ 
sented will serve a useful purpose of add¬ 
ing to the basic understanding of tbe 
operation of synchronous machines, and, 
as such, may be of some potential value to 
the designer of practical machines. It is 
furthermore hoped that this analysis will 
serve as the basis from which similar 
studies of energy flow in asynchronous 
machines or commutator-type a-c ma¬ 
chines may evolve. 


Appendix I. An Approxima¬ 
tion Procedure for Poynting’s 
Vector at Low Frequencies 

If an electromagnetic field is produced by 
two (extension to any number is apparent) 
independent sources (stationary and/or 
moving charges), a and b, then the resultant 
Poynting’s vector has the following com¬ 
ponents 

P " P a+Pj+Po5+P&a * (Ea+E;>) X 

(H«+Hj) (76) 
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P^EaXHa; P 6 =E 6 XH* (77) 

P«6 = E«XH 6 ; P&a -EjXH a (78) 

It is worth while to investigate the con¬ 
ditions under which the cross components 
P a jand Pba contribute negligibly to the over¬ 
all flow of energy. This situation results in 
a considerable simplification of the picture 
of energy flow in rotating devices. Its cri¬ 
terion is a negligible small value of divergence 
of the sum P«&-+-P&a in comparison with that 
of P„ or P 6 or both. Expanding 

div (Pa&+P&a) = H a • curl Ej,— 

E 6 • curl H a +H 6 • curl E a — E fl • curl H& 

(79) 

Equation 79 is identically zero in the most 
general case (in addition to several trivial 
cases) when curl E a =0 H a = 0 (that is, 
E a is an electrostatic field) and H 6 is a mag¬ 
netostatic field produced by steady currents 
b. (See appendix of reference 1. Some 
care must be exercised in applying this. If 
the b conductors exist in polarizable media, 
for instance, then within them E„ is no 
longer zero and div (Pas-HPaa)?^- Sub¬ 
scripts a and b are, of course, reversible in 
this discussion.) 

A limited dumber of practical cases exists 
where the above requirements are satisfied. 
It was shown in a previous paper 1 how the 
study of energy flow in one such case—the 
d-c machine—is simplified by ignoring these 
cross-components of P. Commonly quoted 
“paradoxes” of energy flow where no energy 
apparently should be flowing always involve 
a circulatory flow of energy, which can be 
similarly traced to these divergenceless 
cross components of P. 2 It is now of inter¬ 
est to investigate a wider class of occur¬ 
rences, where certain of these cross compo¬ 
nents are not zero, but are still negligibly 
small. The a-c synchronous machine falls 
into this category. It is therefore desirable 
to establish a criterion for the validity of 
neglecting such components in order to 
achieve a possible simplification in the study 
of the flow of energy. 

Consider the situation where curl Ea is 
still zero, but H 6 varies slowly with time, 
associated with low-frequency currents in 
the b conductors. Equation 79 then be¬ 
comes 

div (P«6+P/»«) - “ E« • curl H» (80) 

Using one of Maxwell’s field equations 1 

curl H{,=Jft+ebEft/d^ ( 81 ) 


— Ej • curl Hj, = E& • (Js+eobEi/50 (84) 

If the E a and E 6 fields are in the same direc¬ 
tion and of the same order of magnitude, or 
even if they differ by a factor as large as 
10 3 , then for frequencies of the order of 
power frequencies the term Ea • J& is much 
larger than either Ea • «odEa/d/ or E a • <o&Ea/ 
dt, suggesting that the cross component 
P a a may be ignored in the study of energy 
flow. 

In the a-c machine of this paper both the 
a fields of the stator conductors and the b 
fields of the rotor are time varying. It is 
still possible, however, to use the conclu¬ 
sions of the foregoing discussion to advan¬ 
tage by separating the E a field into two com¬ 
ponents, Ei and Eo, in such a useful manner, 
as defined by equations 4 and 5, that the 
Ei field (set up by the stator charges) has no 
curl. The cross component EiXH 6 can 
then be neglected in comparison with other 
components, such as E 2 XH a , or E 2 XHj, as 
evident from the previous discussion. This 
approximation is even better than the previ¬ 
ous comparison with the EjXHft compo¬ 
nent indicated. 

Appendix II. Variation with 
Radial Distance in the Gap 

While in the main body of the paper, it 
hot been assumed that the gap width is 
negligibly small, it is of interest to investi¬ 
gate the manner in which the fields and the 
energy flow vectors vary with r, as a first 
approximation, when this width is appre¬ 
ciable. 

The rotor field will in general be a function 
of r, and equation 1 must be modified to read 

H b r (r, 0, r)=H\r) cos (6- r) (85) 

For a high-permeability iron, the amplitude 
function may be obtained from Maxwell’s 
equation 1 

div(/ioH)=0 (86) 

as follows 

HoHb(r, 0, r)rdddz 

=W>H b r (D/2, 0, r)(D/2)deds (87) 

Using the symbol IV of equation 1 to desig¬ 
nate the amplitude of H b T at the rotor sur¬ 
face, r = D/2, we obtain 

DH' 

H b r (r, 0, r) cos (6-t) (88) 


equation 80 may be restated to read 

div(P a6 +P 6 „) = 0 (82) 

within the b conductors where E is zero, 
and 

div (Poj»+P6«) = eoEa * &E#/<W (83) 

outside of the b conductors. This last equa¬ 
tion represents the error involved in ignor¬ 
ing the cross components of P, corresponding 
to the energy required to maintain the E s 
field in the presence of the displacement cur¬ 
rents due to the time variation of the H ft 
field. This energy should be compared with 
the energy supplied by the b sources for the 
maintenance of the b field, whose flow is 
described by P 6 . It will suffice to compare 
a component of div P b with equation 83, 
namely 


Since the velocity of the H b r field varies 
with r 

v(r)=u>r—2vr / D (89) 

where v is the rotor surface velocity, the 
Ei * and Ei fields are independent of r, and 
equation 6 is valid 

Ei = -Ei=nov(r)H b {r, 0, r) 

—iMflH 1 cos (0 —t) (90) 

The no-load flow vector of equation 9 thus 
becomes 


0, r) = 


juo uD(H‘ 




[1+cos(20-2r)] (91) 


and its divergence 


(l/r)(i>P 2b e /M) 

— sin (20—2t) (92) 

still has zero average value. 

The modifications for a loaded machine 
will be restricted to a unity-power-factor 
load, the conclusions applying equally to 
the reactive components of the flow vectors. 
The modification required first is in the ex¬ 
pression for H of equation 18, since func¬ 
tional dependence on 0 of the H a field is 
unaffected. The amplitude H is in general 
a function of r, and may be calculated from 
Ampere's law 

<|>H • ds**NI (93) 

for high permeability iron as follows 


J rD/2+g 

( JT(r)dr-Z/(V2/6) (94) 

D/2 

Invoking the requirement of equation 86 
again, the above may be solved for H(j) to 
yield 


D <x 7,1s/2 

H(r)== 2~rlog(l + a) 12g 


(95) 


where 

ct = 2g/D (96) 


Equation 95 reduces to the previous expres¬ 
sion of equation 18 for small values of a 
and r—I> 12. 

The modification required of the flow 
vector P 2 ° may then be seen to consist 
merely of multiplying the previous value by 
the factor (Dot)/[2r log (l+«)]. It can be, 
furthermore, readily ascertained that the 
values of P^ and PW are unchanged. The 
energy-balance equation 33, used to derive 
JV, now has the product \„Pi replaced by 
an integral, which, however, reduces to 


“( D/2)+s D 


2r log (1+a) 


dr=V°,° (97) 


The effect of an appreciable gap width on 
Ei and Pi arises from reconsideration of 
equation 99 in which the term 


a r r 


now makes an additional appearance. In 
the previous analysis, which assumed a 
(rectangular) thin gap, equation 98 reduced 
to the identity: Ei independent of r, corre¬ 
sponding to setting r = ~ in the Ei Ir term, 
implicit in the analysis. Examination of 
equation 98 now reveals that, again, the 
correction factor D/2r is required for Ei. 
The required correction factors of order 
(D/2r) and (D/2r)* for the Pi and Pi* com¬ 
ponents, are now readily apparent. _ 

Since for practical gaps, the ratio 2g/D is 
small, it is apparent that the effect of vari¬ 
ation with radial distance r in the gap is of 
minor significance. 


Appendix III. Evaluation of the 
Ex* ( 0 , z, t) Field in the Gap 

The method of deriving the ^-directed 
component of Ei, with the knowledge of its 
z-directed component of equation 42, paral¬ 
lels the method employed in the analysis 
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*of the d-c machine . 1 It is based on the fact 
that 

•curl Ei =0 ( 99 ) 

■which here yields 

e> 2 b 

S5 a ‘ ( 10 °) 

and on the knowledge of the variation of 
-El® with 6 at the boundary z- 0. This vari¬ 
ation is such as to account for the voltage 
drop between successive conductors, as¬ 
sumed here to be closely spaced, which is 
also equal to twice the drop along the con¬ 
ductors at corresponding 9, associated with 
the Ei* field within them. The factor of 
two accounts for the conductor 180 degrees 
away. Thus 


(•y)-EM 0, t) =2\E*(d, t) (101) 

Noting that Ex*, and hence bEx*/bQ, are 
both independent of z, we may write on the 
basis of equation 100 

Ei\6, 2 , r)=Ex\e, 0, r)+ 

f (§)»*"/*)* ( 102 ) 

=EM 0, t)+ (103) 

Evaluating the foregoing, and using equa¬ 
tions 42 and 101, and the definitions of 
equation 44, equation 43 is readily obtained. 
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Synopsis I Recent commercial and military 
printing telegraph communication require- 
xnents could not be fully met in an efficient 
;an 4 economical manner with existing equip- 
Aiient. This paper describes the objectives 
Ibeing reached in the development of a new 
integrated line of Teletype apparatus espe¬ 
cially designed to adequately serve present 
aa-nd future printing telegraph applications 
particularly covers the Teletype Model 
•28 Direct Keyboard Page Printer Set, Fig. 1 . 
This set consists of a page typing unit, key- 
tooard, electrical service unit, and their mo¬ 
tor drive and cabinet housing. The other 
units which will soon be available are the 
"tape perforator, tape typing unit, and trans¬ 
mitter distributor, which with the keyboard 
and page typing unit are so designed as to be 
readily arranged in many combinations to 
xneet specific applications. Fig. 2 indicates 
"tire basic units and a few representative 
combinations. 


History of Printing Telegraphy 

C OMMERCIAL telegrams were trans¬ 
mitted using printing telegraph 
tonachines as early as 1851, seven years 
r^ter the commercial introduction of 
jVTorse. Modern printing telegraphy got 
start in 1910, with the invention by 
Howard L. Krum 1 of the start-stop 
Method of synchronization applied to 

- - * 
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Systems Committee and approved by the 
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printing telegraphy. Commercial suc¬ 
cess came in the early twenties, at which 
time such equipment was primarily 
used by the commercial telegraph com¬ 
panies and press associations. In 1930 
printing telegraph moved rapidly into 
the business field, and since 1940 we 
have witnessed the extensive use of that 
form of communication in military 
service. 

The original applications presented no 
great problems. Direct circuits were set 
up between telegraph offices or between 
press sending stations and receivers 
located in newspaper offices. Forty- 
word per minute speeds were considered 
adequate, messages were printed on 
plain paper fed from a roll or on individ¬ 
ual blanks inserted by operators, and 
due to the fact that equipment was con¬ 
centrated in largecenters, only a relatively 
small number of maintenance men were 
required. , 

As the business-field applications grew, 
the speed went up to 60 words per minute 
and new requirements were introduced, 
which resulted in the development of 
various accessories which were attached to 
existing units or installed separately. 
Since the original design of the units did 
not anticipate many of these functions, 
the parts for a given mechanism were 
placed wherever there was space with the 
result that the equipment was somewhat 
difficult to maintain. These added fea¬ 
tures included sprocket feed, horizontal 
and vertical tabs, motor control, con¬ 


tacts for various switching and control 
purposes, etc. The space for these 
mechanisms was limited and it soon be¬ 
came necessary to use external units to 
provide the multiplicity of control func¬ 
tions. 

The 60-word-per-minute speed be¬ 
came too slow for certain applications and 
the equipment was modified for 75-word 
operation. Attempts were made to in¬ 
crease the speed to 100 words; however, 
high maintenance costs severely limited 
this use. The installation of printing 
telegraph equipment on ships, planes and 
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Fig. 2. Model 28 basic units and representative combinations 


trucks imposed requirements of satisfac¬ 
tory operation at various inclinations 
and under conditions of great vibration. 

As business expanded the use of print¬ 
ing telegraph techniques, the systems be¬ 
came larger and more complicated. 
Automatic switching was introduced and 
printers were installed in hundreds of 
offices of a single user. The Bell System 
Teletypewriter Exchange Service (TWX) 
which is similar to telephone exchange 
service, except that printers are connected 
through switchboards for typewritten 
communication, now has more than 
35,000 Teletype sets distributed over the 
entire country. Each of these fields of 
use required new types of equipment. In 
almost all cases the equipment was wanted 
in a hurry, and since the future demand 
was uncertain, each new piece of equip¬ 
ment was generally provided by modify¬ 
ing an existing machine. This obviously 
did not result in an orderly development 
of standardized equipment. 

Objectives of New Model 28 Line of 

Equipment 

It became evident that a new line of 
equipment was needed which would 


W'- « '.yW. J- 
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Fig. 3. The typebox, shown in comparison 
with an ordinary clip 


meet the following prime objectives: 

1 . An integrated group of component units 

2. Lower maintenance costs 

3. Quieter operation 

4. Increased speed. 

6 . Greater capacity for additional func¬ 
tions 

6 . Decreased weight 

A review of the typing mechanisms used 
in Teletype units of various kinds and 
those developed by other printing tele¬ 
graph producers indicated that they were 
generally unsuited to meet the new re¬ 
quirements. Typebar carriages were con¬ 
sidered too heavy and typewheels diffi¬ 
cult to index at high speeds. Existing 
clutch designs similarly were considered 
inadequate; felt clutches having always 
been troublesome due to heat and loss of 
lubricant and positive clutches subject 
to breakage due to impact. It was there¬ 
fore decided to design new elements to 
specifically meet the requirements of 
today and the next 10 to 20 years. 
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Fig. 4. When the typebox Is In the desired position, the printing 
hammer drives the type pallet against the ribbon and paper 


Some of tide New Elements of the 
Model 28 Page Printer Set 

The printing mechanism is the most 
obvious of the several improvments in 
the new machine. The type pallets, in¬ 
stead of being mounted on bars in the 
conventional manner are carried in a small 
rectangular box about 1/2 inch thick, 
1 inch wide and 2 inches long, Fig. 3. 
Sixty-four pallets are arranged in four 
horizontal rows, each row having a capac¬ 
ity of 16 characters. To type a charac¬ 
ter, the typebox is moved to bring the 
desired character to the printing point, 
and a printing hammer, shown in Fig. 4, 
operates to drive the type pallets against 
the typewriter ribbon and paper. Each 
pallet is provided with a return spring 
that restores the pallet to its normal posi¬ 
tion after printing. After the printing 
hammer has operated, the typebox re¬ 
turns to its initial position below the 
printed line on the paper, so that the 
typing becomes visible. 

Characters in the left half of the box 
are letters; those in the right half .are 
figures. A shift mechanism is used to 
change from letters to figures. The 
normal position of the typebox for letters 
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Fig. 5. Typebox arangement and printing method 
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Fig. 6. The 


new typebox assembly weighs only a tenth of the older 
moving type basket carriage 


A lever B 

Fig. 7. The clutch is an internal expansion friction clutch 


selection is as shown in Fig. 5. When 
figures are to be printed, the centerline 
of the figures group is moved to the print¬ 
ing position. Movement of the typebox, 
in selecting the desired character to be 
printed, is controlled by two index mech¬ 
anisms, one controlling the vertical 
motion to select the proper row of type, 
and the second controlling the horizontal 
motion to select the desired character in 
that row. These motions together form 
a rectangular co-ordinate system for all 
the 32 permutations of the standard five 
unit telegraph code. 

The five elements of the code are used 
to position the pallet in a different mant^r 
than on other telegraph apparatus units. 
The first two elements of the code are 
used to determine the vertical position 
of the box; in other words, the nos. 1 and 
2 impulses, by their presence or absence 
in the code permutation, will cause the 
printer to select one of four levels on the 
typebox for printing. The no. 3 impulse 
determines which way the box will move 
from either the letters or figures center¬ 
lines; that is, either to the right or left. 
The nos. 4 and 5 impulses determine how 
far the box will move in the selected 
direction; there are four locations in each. 
The code combination for R, as shown in 
Fig. 5, causes the box to move upward 
three levels, then to establish the left¬ 
ward direction, and finally to move three 
spaces in that direction, thereby bringing 
the R type pallet in line with the printing 
hammer. 

A unique toggle-type coupling mecha¬ 
nism ia provided in the drive system so 
that the typebox can be stopped in vari¬ 
ous positions in a gentle manner and with¬ 
out noticeable impact. With this mech¬ 
anism, the movement of the typebox 
toward its final position is at high speed 
but as the typebox approaches the S 
meted position, the toggle mechanism re¬ 
duces its speed. At the end of the type- 

12 


box travel, where further motion is 
blocked by the index mechanism, the 
speed of the typebox is about one fifth 
of that at which it would have passed 
this position. 

Elimination of the conventional type 
basket greatly reduces the size and 
weight of the carriage that travels back 
and forth across the page, starting and 
stopping for each character printed. A 
comparison of the old and new type as¬ 
semblies is illustrated in Fig. 6. In a 
standard model 15 typing unit, the mov¬ 
ing carriage assembly weighs slightly over 
5 pounds; the carriage assembly in the 
model 28 has a total weight of 8 ounces. 
This 10-to-l weight reduction results in a 
very fast carriage return, the carriage 
returning easily within time of two charac¬ 
ter intervals (signals received for carriage 
return and paper feed) at 100 words per 
minute. Gravity has no significant ef¬ 
fect on the carriage motion. The ma¬ 
chine can be operated safely on ship¬ 
board or in other locations where it might 
not be in a level position. 

Since the pallets are carried in an ac¬ 
curately made box instead of at the ends 
of the type bars, as in the older machine, 


A. Disengaged 

B. Engaged 


type alignment is controlled by manu¬ 
facture of the parts with no further ad¬ 
justment required. Stability of align¬ 
ment, too, is greater, and this should re¬ 
duce maintenance. This small light¬ 
weight carriage also makes possible an 
over-all reduction in size and weight of the 
machine, and permits the use of stamped 
sheet-metal framing instead of the 
massive cast framework used on the older 
machines. The weight of the model 28 
Teletype printer set is 38 pounds, not in¬ 
cluding the cabinet and accessories. 

At the right end of the typebox, a 
small manually operated clamping lever 
holds the box in its supporting carriage. 
This clamping lever may be released with 
a light finger motion so that the typebox 
can be withdrawn from the machine with¬ 
out using tools. Thus the box may easily 
be cleaned without brushing dirt into the 
mechanism of the machine. Also, the 
typebox may be exchanged in a matter of 
seconds for another having different char¬ 
acter faces. On older types of equip¬ 
ment with individual type, it is neces¬ 
sary to solder type pallets to typebars 
and realign them. 

Since each character is separately 


Fig. 8. The stunt 
box contains code 
bars for performing 
nonprinting opera¬ 
tions such as line 
feed, carriage return, 
shift, etc. 
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Fig. 9 (left). The 
sequential selector, 
which is replaced by 
the stunt box in the 
model 28 set 


vi nted on an individual type pallet, 
y one operates at a time. In the older 
olxines, with two characters on a single 
let, there is a possibility of printing 
rfc of the other character on a pallet 
_lxe adjustment is not exact, or if one 
tlie characters is worn, or if several 
•bon copies are being made so that the 
■race of the paper is somewhat spongy. 
ie model 28 is capable of making the 
ive number of carbon copies as present 
teliines, and because the same hammer 
>w is applied for all characters, the 
itiling impression is more uniform than 
at of a type-bar machine. This charac- 
■istic is very important when a large 
.amber of copies are being made. The 
irating blow can readily be increased 
r multiple copy work by adjusting the 
rtsion of a spring by means of a man- 
illy operated position lever, Fig. 4. 
tie to the simplicity of the printing mech- 
lism, it is possible to make the shift 
figures to letters and vice versa 
ithin the pointing mechanism rather 
ian by raising and lowering the platen 
►ller. This simplifies paper handling 
icl improves the readability of the 
“imtecl record, since the paper remains 
mtionary at all times except during line 
ed. 

The ribbon spools are mounted on the 
uvcliine itself rather than on the type 
xrriage, thus providing a straight course 
>r the ribbon travel. This not only 
veilitates changing ribbons, since the 
atli is obvious and the number of guides 
j sx minimum, but in combination with 
tict more gentle blow of the new type 
anuner, it results in increased life of the 
itybon as compared to the older machines. 

^4 newly destined clutch is another ma- 
liine element that improves operation, 
educes maintenance, and contributes to 


good receiving margins; that is, ability 
to tolerate distortion of signal pulses. 
Clutches of the new design are used not 
only for driving the selector cams, but 
for the various other power actions, such 
as moving the typebox, feeding the paper, 
spacing, etc. This clutch is an all-steel 
internal-expansion friction clutch, that 
disengages in the stopped condition, 
whereas the older clutch depends upon 
slippage between fdt washers and sted 
plates when a stop is interposed, so that 
the driven member is mechanically held 
from turning. Fig. 7 illustrates the 
method of operation. The continuously 
rotating driving member is a steel drum, 
the inner surface of which is grooved, 
hardened, and ground to give a flat sur¬ 
face on the tops of the grooves. The 
grooves between the flat surfaces permit 
wear products to fall away from the work¬ 
ing surfaces. Within this drum, two 
hardened steel members act as drive shoes 
and are pressed into contact with the 
rotating drum by a spring-operated pry 
bar. The leverage system is so designed 
that through a system of very rigid force- 
multiplying levers, a small spring pro¬ 
duces high normal pressure between the 
hardened steel friction surfaces. Since 
the clutch disengages in the idling posi¬ 
tion, the load on the motor at that time 
is very small. Life of the clutch equals 
that of the rest of the machine. 

Performance of nonprinting operations, 
such as line feed, carriage return, and shift, 
is controlled by a new mechanism con¬ 
tained in a separate subassembly called 
a stunt box. This unit, which is accessi¬ 
ble from the rear, extends across the full 
width of the typing unit, and engages code 
bars that also extend across the machine. 
The function bars, Fig. 8 , of the stunt 
box engage notches in the code bars. 



Fig. 10. The equipment is pivotally mounted 
in the cabinet and swings outward for main¬ 
tenance. Incoming wires are connected to 

terminal blocks behind the typing unit 

The stunt box has 42 slots, each of which 
may hold a function bar capable of re¬ 
sponding to an assigned code, making it 
possible to control 42 functions. Ap¬ 
proximately 10 are reserved for the 
common functions, such as line feed, car¬ 
riage return, and shift, and the remaining 
32 are available for special purposes. 
Stunt boxes are interchangeable. The 
stunt box may be arranged to perform 
the functions of the sequential selector 
unit, shown in Fig. 9, which controls cir¬ 
cuits from groups of character combina¬ 
tions sent in a predetermined sequence. 

The keyboard mechanism in the model 28 
is also different from earlier designs. 
When the operator depresses a key, a 
latch is tripped which permits the code 
bars to move endwise by spring action. 
In the older machines, depressing a key 
moved the code bars directly, so that 
there was considerable variation in the 
forces required for different code com¬ 
binations. Thus the new action results 
in a lighter, shallower, and more uniform 
key touch. 

When the key lever is depressed, one 
of the bars that moves longitudinally 
trips the clutch latch and allows the 
clutch to engage a cam-operated me¬ 
chanical distributor. This causes the code 
pattern to be translated into a start-stop 
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fig. U. Wiring of a typical model 28 set 
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electric signal, the signal itself coining 
from the signal generator. 

The signal generator is a single contact 
assembly mechanically operated by the 
distributor. This contact lias the form 
of a transfer switch and therefore permits 
either open or closed signal transmis¬ 
sion or transmission of signals of alter¬ 
nate polarity. The contact is mounted 
in a metal box for mechanical protection 
and shielding against radio interference, 
and requires no adjustment other than 
in positioning the box itself. 

The cabinet for the new machine was 
designed to suppress machine noise, im¬ 
prove operating convenience, and provide 
better appearance. The equipment is 
housed in a new floor model, Fig. 1, 
with all mechanical controls brought to 
the front so that the machines can be 
mounted side by side in rows. Even the 
manual platen crank has been eliminated 
and replaced with a rapid motor-driven 
feed out controlled by a button on the key¬ 
board. A lamp within the cabinet illu¬ 
minates the copy, and the angle of the 
window above the copy has been chosen 
so that glare is practically eliminated. 
The upper section of the cabinet swings 
open to provide access for insertion of 
paper and ribbons and for maintenance. 


Fig. 10 illustrates how the equipment 
may be swung upward and forward to 
give access to both sides and rear of the 
machine. 

Electrical Features and Circuits 

Electric accessories such as the line 
relay, motor control relay, rectifier, fuses, 
etc., have been placed in a box behind the 
machine. The interconnections between 
the several units have been made simple 
and flexible, which permits installation 
of a standard machine where circuit ter¬ 
mination requirements vary. In the 
cabinet below the printer there is a shelf 
on which a front panel is pivotally 
mounted, as shown in Fig. 10, providing 
mounting surfaces for auxiliary equip¬ 
ment if this is desired. 

The equipment is driven by a syn¬ 
chronous motor when 110-volt regulated 
alternating current is available, or by a 
governed motor when unregulated al¬ 
ternating current or direct current is 
available. Printing telegraph equip¬ 
ment requires speed control of ±1 per 
cent. The governor used on the model 
28, which is of new design will maintain 
the speed, and once adjusted, it will 
generally hold speed for the life of the 


motor brushes, even if the governor con¬ 
tacts wear or pit considerably. The 
older-type of governor requires frequent 
readjustment and maintenance and is 
subject to speed change due to compara¬ 
tively slight wear or pitting of contacts. 

The wiring of the model 28 Teletype 
set described herein, equipped with the 
most commonly used electrical features, 
is shown in Fig. 11. 

Conclusion 

Since operating experience indicates 
the model 28 page printer set requires 
less maintenance than other printing 
telegraph equipment, it is expected that 
its field of use will be extended to include 
more remote locations. The other units 
of the new line: the tape printer, per¬ 
forator, and reperforator transmitter, 
have undergone extensive tests, which 
indicate they will give the same sendee 
as the page printer. These units also 
have new and novel features and will 
be available in the near future to serve 
the needs of printing telegraph users. 
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Synopsis: Results of wind tunnel tests on 
an experimental radar antenna are dis¬ 
cussed. The torque required to rotate the 
antenna was seen to vary with the azimuth 
position, the elevation angle, the pivot lo¬ 
cation, the rotating speed, and the wind 
velocity. A correlation of the data based 
on dimensionless parameters was found. 

A KNOWLEDGE of the loads im¬ 
posed on a radar antenna at various 
wind velocities is important in order to 
obtain the optimum design for the driving 
and supporting mechanism.. The torque 
loading in azimuth at various rotating 
speeds and wind velocities is a function of 
the position of the center of rotation or 
azimuth pivot location. Therefore, the 
engineer designing power drives for radar 


antennas would like to know the optimum 
position for the azimuth axis and the 
torque requirements for this pivot posi¬ 
tion. An experimental radar antenna was 
installed for testing in a wind tunnel in 
order to find the azimuth torque loadings 
associated with various pivot locations, 
antenna elevation angles, wind velocities, 
and rotating speeds. This paper dis¬ 
cusses the general results of the testing. 
Elevation angle as used here will refer to 
the angle the antenna reflector screen 
makes with the vertical, positive when 
the concave face of the reflector points up, 
negative when down or depressed. Azi¬ 
muth angle will refer to the angle meas¬ 
ured in the direction of antenna rotation 
from the zero position, zero position being 


with the concave face of the antenna re¬ 
flector directed into the wind. 

Description of Equipment and Tests 

The dimensions of the experimental 
reflector, a single-curvature parabolic 
type, were 26 by 84 inches. The reflector 
surface consisted of an aluminum screen, 
3/16-inch standard expanded metal. The 
reflector was mounted on a special plate 
so that its location, and consequently the 
location of the pivot in azimuth, could be 
varied. The plate in turn was mounted 
on a pedestal incorporating a hydraulic 
drive, and rotated, turning the reflector. 
Fig. 1 shows the experimental antenna, 
installed in the wind tunnel, elevated to 
45 degrees. A pressure-sensitive ele¬ 
ment in the supply line of the hydraulic 
drive provided a means for measuring 
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torque. A calibration of the pressure was 
made by replacing the antenna reflector 
with a prony brake. Calibration curves 
were taken at various rotating speeds. 
For cases where autorotation (i.e., 
wind turning the antenna) occurred, no 
measure of the negative torque produced 
could be obtained, since the hydraulic 
pressure was not sensitive to this. 

The tests could be divided into two 
groups. In the first, a search was made 
for the optimum pivot position (i.e., 
the pivot position in azimuth resul tin g hi 
minimum peak torques). This was ac¬ 
complished in a constant wind velocity of 
60 miles per hour by varying the position 
of the reflector on the plate and compar¬ 
ing the torque readings. Rotating speeds 
of 8, 15, and 25 ipm, and four elevation 
angles, —13, 0, 22, and 45 degrees, were 
used. The second group of tests consisted 
of choosing an optimum pivot location 
and testing over a range of wind velocities 
from 40 to 100 miles per hour, with rotat¬ 
ing speeds of 8,15, and 25 rpm. Rotation 
was unidirectional. 

Results 

Typical of the results of the first group 
of tests are the curves for 15 rpm shown 
in Fig. 2, with the reflector at a —13-de¬ 
gree elevation angle. When the maxi¬ 
mum torque occurring in a revolution was 
plotted against the pivot distance, which 
is the distance from the bottom center 


point of the reflector screen to the azi¬ 
muth pivot measured in the plane of sym¬ 
metry of the reflector, the results showed 
that the torque increase varied approxi¬ 
mately parabolically with the distance 
from the optimum pivot. Optimum pivot 
positions were located for the four eleva¬ 
tion angles. At any given elevation angle 
the optimum position was found to be the 
same, as closely as could be observed, for 
the three rotating speeds. With the re¬ 
flector at 45 degrees elevation, the pivot 
distance for minimum torques was ob¬ 
served to be approximately 1/2 inch; 
for 22 degrees elevation the distance was 
6 inches; at 0 degrees the value was 12 
inches, and for the reflector depressed to 
— degrees the optimum distance was 
16 inches. 

The curves of Fig. 2 show interesting 
energy distributions. It can be seen that 
as the optimum pivot position (in this 
case 16 inches) is approached, the torque 
curve becomes more balanced for this 
screen type of reflector. For the case of 
the reflector depressed to -13 degrees in 
elevation and the pivot 7 inches from 
the bottom of the reflector screen, the 
torque curve is quite unbalanced, with 
large torques being required over the last 
half of the cycle and little or none over 
the first half. There are two major peaks, 
one in the region between 180 and 270 de¬ 
grees in azimuth, the other near 360 de¬ 
grees. As the pivot point is moved fur¬ 
ther away from the reflector, these peak 


torques are reduced, but more torque is 
required over the first half of the cycle. 
This process continues until the peaks be¬ 
come more or less balanced near the opti¬ 
mum pivot point (see curve for pivot dis¬ 
tance of 15 inches in Fig. 2). As the pivot 
point is moved still further back, a large 
peak reappears in the torque curve, grow¬ 
ing as the distance from the pivot in¬ 
creases. For a distance of 27 inches be¬ 
tween pivot and reflector, it is seen that 
the peak torque occurs over the first half 
of the cycle in the region of 90 degrees in 
azimuth, and practically no torque is re¬ 
quired over the last half. This is the re¬ 
verse of what occurs on the other side of 
the optimum pivot point. 

In all but two cases the pivot point was 
varied by changing the horizontal distance 
from the bottom center point of the re¬ 
flector screen to the pivot point, keeping 
the pivot symmetrically located with re¬ 
spect to the horizontal transverse axis 
connecting the tips of the reflector. For 
two cases the pivot was displaced or off¬ 
set from the symmetrical position and the 
effect on the torque curve noted. It was 
observed that this changed the location of 
the peak torque. With no displacement 
perpendicular to the plane of symmetry 
of the reflector, the peak torque for the 
optimum pivot occurred just after 180 
degrees in azimuth, a second lower peak 
occurring in the region before 360 or 0 de- 
pees. By displacing the pivot iy 2 
inches, the peak between 180 and 270 de- 



Fis* 1 • Photograph of experi¬ 
mental antenna in wind tunnel 
(Wright Brothers Wind Tunnel, 
Massachusetts Institute of 
Technology) 


grees was reduced, at the expense, how¬ 
ever, of increasing the peak near 0 de¬ 
grees. At a 3-inch offset this condition 
was even more pronounced. Conse¬ 
quently, it was seen that the difference 
between the peak torques at azimuth 
angles in the region of 0 and 180 degrees 
could be reduced by displacing the pivot 
from the plane of symmetry of the re¬ 
flector. 

Typical of the results of testing at 
a fixed pivot near the optimum and at 
wind speeds from 40 to 100 miles per hour 
are the curves shown in Fig. 3 for a 45-de¬ 
gree elevation angle. 

Analysis of Data 

The problem of predicting analytically 
the torque required to turn an antenna at 
any rotational speed in a given wind veloc¬ 
ity is a difficult one. Configuration in¬ 
troduces a high degree of complexity. 
With antenna torque data available, em¬ 
pirical expressions offer the quickest and 
most direct solutions to the problem. 

The wind tunnel data were correlated 
on the basis of dimensionless parameters. 
Consider a family of geometrically sin-iifoy 
reflectors with given pivot position and 
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pivot in azimuth, near its optimum loca¬ 
tion was seen to vary parabolically with 
the parameter ( ND)/V . The results 
could he written 


C T =K l +K i 


(")' 


| 1 f\ lf \• 

J \ Ijf\\ A the dimensionless numbers Ki and 

500 "o w l Jj y ~ /\/ being functions of the configuration. For 

A I // V \j\ 0 degrees elevation and the pivot 11.3 

250 jl r\ f \_i / / \ / ^ inches from the screen, Ki was found to be 

[1 / \ I T Jl ' 0.037. iCi was the same at —13 degrees 

| \ I \ L \ / elevation and a pivot distance of 14.8 

o £- v I Vn -JJ- g } 0 V 3 ^ inches. For 22 degrees elevation and the 

° azimuth angle-degrees pivot 6 inches from the screen, Ki was 

, . .o equal to 0.023; for 45 degrees elevation 

Fig. 2. Torque curves for antenna at li ivot stance of 1.67 inches, Xi 

degrees elevation, rotating at 15 rpm in a wind J p ^ elevat i 0 ns and the 

vdocity of 60 mile. P« ho., piwit^distancesmentioned, it, was tod 

A. Pivot distance = 27 inches to b ave the constant value of 33. The 

B. Pivot distance =15 inches . vadues f or the pivot distances given were 

C. Pivot distance =7 inches near their optimum. Consistent units 

were used in the calculations so that the 
. • u two parameters of equation 1 were di¬ 

elevation angle. Their size can be ch - mension i ess _ The scatter of the data 
acterizccl by the reflector lengtli or span V faired parabo Hc curves was less 

and the height//. Theotlierparameters ^ 1Q t 



0 90 loo - 

AZIMUTH ANGLE-DEGREES 

Fig. 3. Torque curves for antenna at 45 de¬ 
grees elevation, rotating at 15 rpm with 
azimuth pivot 1.67 inches from reflector 

A. Wind velocity = 100 miles per hour 

B. Wind velocity =80 miles per hour 

C. Wind velocity = 60 miles per hour 

D. Wind velocity = 40 miles per hour 


. . , two parameters 

elevation angle. Their size can be ch - mmsionless Tl 

aoterized by the reflector length or spaa D ^ Mred 

and the height II. The otter parmneto aan 10 per cent 
are wind velocity 7, rotating speed 2V, an . be ( 

the density of air p (neglecting viscosity ^ce, , 

and compressibility). Genera y, ep different from tl 

torque occurring during a cycle I max is oi 4 stm app i 

interest. Applying dimensional homo- rdationship of 

geneity, 1 two dimensionless parameters Qonsid 

may be. chosen and the relationship wn - surface only> ^ 
ten surface would p 


/ ND\ 

A~v) 


^ P V*DHI j 

Let a torque coefficient C r he defined 
by 

r,„«__ (2) 

Ct~z " 

- p V 2 D*H 


Then equation 1 may be rewritten as Xu^^^ acting in a manner 

/I \ ( 3 ) cimilar to an airfoil, deflecting the air 

* Cr(~P VWVj flowitlg along its surface, which would re¬ 

sult in larger pressure forces than for 

:1 screen or slatted type. (In addition, tur- 

/ ND\ (4) bulence is present to a much grea er’ 

=/ (y) tent.) This would mean that C T shoul 

is much greater for the solid reflector. 

The dimensionless torque coeffi 0 f COT1 figuration on the 

r.._+hp rotating me ^ _ jiASmilt to 


,wo parameters of equation 1 were di- mum pivot position, the higher the torque 

nensionless. The scatter of the data coe f£ c ient. It was seen that the opti- 

ibout the faired parabolic curves was less m mn p - vot location varied with the ele- 
chan 10 per cent. vation angle for the experimental an- 

It might be expected that for a re- tested. As the reflector was de¬ 
flector surface, shape, and configuration vated and approached a more symmet- 

different from that tested here, equations bodyj optimum pivot location 

3 and 4 still apply, but with the functional mQved doser t0 the reflector surface. In 

rdationship of equation 4 to be deter- t ime, as more data becomes available, the 

mined. Consider a change in reflector . e effects of these many variables 

surface only. A slatted type of reflector become apparent and more accurate 

surface would probably give results sum- generalizations made. The considerations 
lax to that for the screen surface tested sfmttd in this paper are offered as an 

here for the case where the slats are at to the fund 0 f experience for 

0 degrees angle of attack with respect future design work, 
to the wind and the slat spacing is com¬ 
parable to the screen opening. As e Conclusions 

angle of attack of the slats increases, the 

•surface could be expected to approach the The optimum pivot point (or center 

For asolid type of reflector, J otation) P of a radar 
the aerodynamic effects may be far more torque "“'g minimum peak torques, 

pronounced. For example, let e Thefurtherfromtheoptimnm.themoreun- 

reflectorbeatanangleneardfldegrees. _ b>taMd become the torque cur,- . P 


and 
Cr =/ 


m 


consequently a function of tterotating 
speed, wind velocity, and reflector span 
for a given reflector surface and con¬ 
fiscation (U. *apc, elevahon angK 
pivot location, back structure, and hom 

^ tL data from the tests at an optimum 
pivot location described here were P 1 ^ 
in the form of equation 1 and the torq 
coefficient for this experimental antenn 

determined. The torque coefficient for 


muen grearei ——----- 

The effect of configuration on the 

torque coefficient is, of course, ttffioult to 

predict. There are many variables, in 

back structure certainly influences tt 
pressure forces, tending to mate V 
open reflector surface approach the sohd 
tvoe The hom feed acts like a fin, 
Sting the torques in the azimuth regions 
„f 90 and 270 degrees. The optnn 
pivot location depends upon tte cm 
figuration. The farther from the opti- 


Sanced becomes tte torque curve P O* 

SSSSsSas 

larger the peaks. 

2 As the antenna elevates and presets a 
Asymmetrical body, tbe o^mum pivot 
location moves closer to the reflecto . 
o Tli P increase in peak torque over that at 

the optimum point. 

4. The antenna torque^v^ I f ^ < ^struc- 

type reflector surface with pven 
Z and hom “ little 

azimuth regious-umr M W m 

after 180 dere«(rft^^ re 360 de- 
degrees), and m tb ^e^ beco mes the 

SSt "upon 

rvi^&rrssqueutiyti-e 
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P.mJcs approximately equal. On one 
side of the optimum location the peak at 90 
degrees becomes the largest. On the oppo¬ 
site side the peaks in the region of 180 de¬ 
grees and 360 degrees predominate. In this 
latter region pivot offset is an important 
xactor m increasing or decreasing the peak 
between 180 and 270 degrees at the expense 
of that at 360 degrees. For a slatted-type 


reflector surface with slats at 0 degrees speet 

angle of attack the results should be similar. wind 

For a solid reflector surface, the peak torque hour, 
will probably be in the azimuth region near 
either 45 degrees or 270 degrees. _ , 


5. Equation 3 gives the general type of 
relationship found to exist between maxi¬ 
mum torque, wind velocity, and rotating 


No Di 


speed for an experimental radar antenna in 
wind velocities from 40 to 100 miles per 
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Application and Transmission Features 
of a New 12-Channel Open-Wire 
Carrier System 

&&&££ R - W. S. CHASKIN 
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Synopsis: A new, miniaturized, 12-channel 
open-wire carrier system, the Lenkurt 45A 

i r S described - F °r use in the 40- to 

150-kc frequency region, it co-ordinates 
lully m level and frequency allocations with 
present Lenkurt 42C and Western Electric 
J earner systems using this frequency space. 
Because of the inclusion of 2-pilot regu¬ 
lation for flat and slope gain control, supple¬ 
mented by channel regulation with a range 
of about ±7 decibels (db), more stable cir¬ 
cuit operation is obtained than in previous 
open-wire carrier systems. The design 
which results is much reduced in cost as 
compared to past systems in this frequency 
range, and affords an opportunity for con¬ 
siderable expansion in use of open-wire plant 
above the 35-kc range. This use is further 
enhanced by optionally supplied compan¬ 
dors, permitting many instances of use of 
wire lines transposed only for 35-kc oper¬ 
ation. An important feature of the system 
is terminal design and frequency allocation 
co-ordinated for open-wire, single cable, and 
radio use. This permits great flexibility in 
interconnecting among such systems with¬ 
out need for intervening terminals. Minia- 
urization carried to a high degree results in 
a terminal occupying but 3I l / 2 inches of 
vertical_ space on a telephone-type relay 
rack. Back-to-back operation permits as 
many as 96 channels in two 11-foot 6-inch 
bays. Extensive use is made of standard¬ 
ized plug-in units further supplemented by 
plug-m band filters and signaling options, to 

ment S Wlde Va " ety ° f applicatio11 require- 


Applications and Objectives 

IXURING the past 15 years there has 
been limited application of carrier 
systems on open-wire lines extending to 
frequencies as high as 150 kc. Any higher 
frequency use is generally impractical, 


i either due to the high losses occurr ing 
\ during ice conditions on the wires or to the 
i noise from lightning and static in wet 

i weather. Notable among systems mak¬ 
ing full use of this 150-kc top range of fre¬ 
quencies are the Lenkurt 42C system and 
the Western Electric J carrier. These and 
other systems have been limite d in their 
application, either because they were not 
economical for use at short distances or 
because at long distances they degraded 
circuit performance to an objectionable 
degree. Another limitation has been the 
high cost of making lines operable for 
these systems above 35 kc. Although 
major reductions are being made in cost of 
line transpositions for use of these higher 
frequencies, as yet there has been no 
radical increase in the usage of 150-kc 
carrier systems. Even less to be expected 
are any radical additions of new wire 
lines for such purposes. 

The 45A system described in this paper, 
one terminal of which is shown in Fig. 1, 
is a new 12-channel arrangement co- 

™^f.1' S8, £ eCOm f ended by the AIEE Wire Com- 
onS Co “ mi ^ tee ant * approved by the AIEE 
Committee on Technical Operations for presen- 

Yoik 1 N * v A J EE Winter General Meeting, New 
York, N. Y., January 18-22, 1964. Manuscript 
submitted October 19, 1953; made available foj 
printing November 18, 1953. 

K. E. Appbrt, R. s. Caruthbrs, and W. S 

"I ^ the Lenkurt Electric Com¬ 
pany, Inc., San Carlos, Calif. 

m^t l ^?i n T P °f ated ta ma new carri ^ eiuip- 
development of the system are the re- 

th? ? Jt.^ Pera ^ V ! ! effort of “ aay Persons in 
f' e " kur * organization. The success of the 
45A system is a tribute to their work. In acknowl- 
edgement, the authors wish to give credit—and the 
list of names is too long to include here—to all of 

reality° P e Wh ° helped make *«■ new system a 


ordinating fully in frequency allocation 
with the 42 C and J carrier systems, as 
well as with carrier systems now in com¬ 
mon use below 35 kc. Twelve channels 
are obtained between 40 and 150 kc. Be¬ 
cause of the low cost of this system it is ex¬ 
pected that a much greater usage will 
now become practical on lines transposed 
only for channels operating below 35 kc. 
Even more impetus should be given to 
such applications of 45A because of the 
superiority of its performance, stemming 
from better channel stability through use 
of channel regulation and double pilot 
repeater control, and through use of fre¬ 
quency shift signaling. Transmission- 
wise, no limitations exist in the use of the 
45A system for any part of a nation-wide 
toll switching network. 

On most open-wire leads transposed for 
carrier systems below 35 kc, a number of 
pairs are found sufficiently free of ab- 



Fig. 1. 12-channel terminal assembly, type- 
45A equipment 
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sorption peaks to be usable to 150 kc. 0F 

Frequently, coupling among such pairs « 

would result in prohibitive crosstalk when 
more than one 150-kc system is installed 
on the lead. A compandor optionally 
supplied with the 45A system will provide 
about 23 db of additional crosstalk sup¬ 
pression. This will permit utilization of 
many pairs of wire for 12-channel opera¬ 
tion that are not now usable above 35 kc, t 
with terminal and repeater equipment 
costs considerably below those of pres¬ 
ently available equipment. This should 
result in a general elimination of the need 
for extensive wire line transposition work 
to 150 kc for a long time to come. 

Some need still exists for long-haul ex¬ 
pansion of 12-channel systems with 150- 
kc top range on leads already partially 
equipped. Again, 45A will provide a 
superior and less expensive facility. 

Another important characteristic of 
this new carrier system is that it provides 
an interconnectable type of equipment |f 
among 4- and 12-channel open-wire sys¬ 
tems, cable carrier systems of the single¬ 
cable type, and radio systems without 
need for intervening terminals. Ter¬ 
minals are standardized for these various 

useswith channelizing,signaling, and most 

of the common carrier equipment alike. 

One system differs from another in a 
small number of group modulating and 
amplifier units used to obtain proper line 
frequency allocations. No modifications 
are required in open-wire, cable, or radio 
terminal equipment, whether it eventu¬ 
ally terminates in the same or a different 
type of terminal facility. 

Because this equipment must be used 
in a wide field of applications among inde¬ 
pendent and Bell System telephone com¬ 
panies, many options are required. De¬ 
spite these demands, standardization is 
maintained at a high level with options 
provided by extensive use of plug-in 
parts. Plug arrangements are used in 
many ways. The channelizing equipment 
as it plugs into the equipment frame as¬ 
sembly is not identified as to channel fre 
quency except by its frame position and 
insertion of a plug-in channel band filter 
in the channel unit. Likewise, East-West 
or West-East repeater assemblies as well 
as East and West terminal equipments 
are alike for East or West operations until 
identifying subassemblies are plugged in. 
Two-wire operation at terminals is ob¬ 
tained by plugging in a resistance hybrid; 
and optional 4-wire operation at the 
common telephone terminal levels of 
_ 13> _|_ 4 j or -16, +7 is obtained through 
use of a particular plug-in assembly in 
place of the resistance hybrid. In-band or 
out-of-band signaling is also obtained 
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from a plug-in option. Out-of-band sig¬ 
naling, provided through use of a fre¬ 
quency shift signal between 3,400 and 
3,550 cycles, can be replaced by plug 
means, and in-band signaling using toll 
line dialing frequencies employed. In the 
latter case, an even wider speech band 
extending from 250 to 3,400 cycles can be 
obtained by plugging in a wider band 

filter in the channel equipment. 

The 45A system has been miniaturized 
to a very high degree. The terminal re¬ 
quires a vertical rack space of only 31 1 / 2 
inches in a 19-inch telephone-type relay 
rack. Full use is made of 10-inch depth 
through the relay rack. This permits 
back-to-back relay rack arrangements, 
and as many as 96 channels can be mounted 
on two 11-foot 6-inch bays arranged in 
this manner. Extensive miniaturization 
of this system has been accomplished 
without problems of heat dissipation or 
any sacrifice in system performance or 
quality of its parts. Despite this high de¬ 
gree of miniaturization, the point has not 
been reached where further miniaturiza¬ 
tion has failed to reduce cost or improve 
performance. 

A major step has been taken in pro¬ 
viding inexpensive and simple means for 
checking and aligning channel equip¬ 
ment. Each plug-in unit is provided with 
an 11-pin vacuum-tube socket on its front 
face, allowing access to input and output 
speech and signal circuits. Without re¬ 
moving units from the bay, a cord 


plugged between the socket and a test as¬ 
sembly containing common types of tele¬ 
phone jacks allows tests to be made in 
normal telephone manner with associated 
measuring equipment. Only one such 
test assembly is needed for an entire of¬ 
fice, and the jackfields normally found 
with such carrier equipment are not re¬ 
quired for line-up or testing. The need for 
jacks to patch and reroute circuits is 
diminishing with increased dial opera¬ 
tion. Provision of automatic channel reg¬ 
ulation with its resulting high stability 
in the channel and signal circuit is a fur¬ 
ther factor in eliminating the need for 
jackfields and maintenance test posi¬ 
tions. 

Probably the most novel additional fea¬ 
tures in the 45A system are the follow¬ 
ing: 


1. The ability to adjust circuit net loss 
without removing the channel from service 
by measuring the level of one ever-presen 
frequency-shift signal tone. This tone is 
also used for automatic channel regulation. 

2 The use of a channel band filter of un¬ 
usual design, whereby 4-kc spaced channels 
can be obtained that are not only m the 
broad-band channel bank category but m 
addition are wide enough to contain a fre¬ 
quency-shift signaling channel. This filter 
is even more unusual in that it is designed 
on a symmetrical basis with bandwidth from 
250 to 3,750 cycles. The carrier can be 
shifted 4 kc and used at either edge of the 
filter to obtain an upper or lower side-band 
channel. The basic modulating plan of the 
45A system makes use of this feature to ob- 
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tain upright or inverted frequency alloca¬ 
tions on the line. 

3. The use of carrier generating arrange¬ 
ments for the channel and group carrier sup¬ 
ply frequencies using two crystal oscillators 
in the terminal to derive all of the frequency 
allocations of the various line spectra used. 
Each oscillator is held to close operating 
temperature limits in a thermostatically 
controlled oven. Frequency variation is of 
the order of one part per million even over 
long periods of time. Frequency divider 
methods are used to divide 96 kc into the 
eight frequencies required for channels and 
grouping equipment. A second oscillator 
at 187,188,189, or 190 kc sets the 12-chan¬ 
nel' group spectrum at the desired line fre¬ 
quency. No higher frequency is used in the 
system. 


permits these channels to be used in pre¬ 
ferred classes from noise, crosstalk, and 
attenuation (as in sleet) standpoints. 
Equipment is packaged so that it can be 
supplied in 4-channel units if desired. 

In the low group, the 45A system line 
frequency allocation is 4 kc higher than in 
the J and 42 C systems. This permits 
joint usage not only with the Bell system 
C carrier but also with the Lenkurt 33A 
type carrier with line frequencies as high 
as 35 kc. Advantage can thus be taken of 
the 33A system method of cheaply adding 
or dropping single channels on a way-sta¬ 
tion basis along an open-wire lead while 
allowing usage of the larger 4- to 12- 
channel 45A groups for longer distances. 


Frequency Allocation 

In Fig. 2 the frequency allocations for 
the 45A system, the Western Electric J 
carrier, and the Lenkurt 42 C system are 
shown. The 45A system frequencies, 
though staggered and inverted as in the J 
and 42C systems, differ in using channel 
numbers in identical order on the line, re¬ 
gardless of whether NA, NB, SA, or SB 
systems are used. Inversion is obtained 
by inverting the channels rather than the 
groups. In addition to the simplification 
and uniformity that results, a further 
benefit comes from the fact that the first 
four channels applied to the line are at the 
lowest frequency positions regardless of 
the staggered allocation chosen. This 


Basic Modulating Plan 

The 45A system makes use of basic 4- 
cliannel groups in the frequency range of 
8 to 24 kc. These are modulated in three 
group modulators to form a 12-channel 
band at 40 to 88 kc. This group is either 
used directly on the line to form the low 
group for West to East transmission, or 
passed through an additional modulating 
stage with a carrier at 187, 188, 189, or 
190 kc (for NB, NA, SA, or SB alloca¬ 
tions) to form the high group for East to 
West transmission. Thus, the low group 
allocation is obtained with only two stages 
of modulation; and the high group, with 
one additional modulator stage, uses no 
modulating frequency higher than 190 
kc. 


In Fig. 3 the basic plan of 45A modula¬ 
tion is shown. Three sets of four trans¬ 
mitted channels and three sets of four re¬ 
ceived channels are shown at the left. 
Each set of four channels uses the same 
carrier frequencies. These are 8,12,16, or 
20 kc to obtain upright side bands, or 12, 
16, 20, and 24 kc to obtain inverted side 
bands. The transmitted channels and the 
received channels must be inverted inde¬ 
pendently to meet the needs of the vari¬ 
ous line-frequency allocations. Thus, the 
12 transmitted channels may be supplied 
with carriers at 8,12,16, and 20 kc, while 
the 12 received channels are simultane¬ 
ously supplied with either 8-, 12-, 16-, and 
20-kc carriers or 12-, 16-, 20-, and 24-kc 
carriers. Identical channel band filters 
are used in modulators and demodulators. 

Each group of four channels is modu¬ 
lated or demodulated between the 8- to 
24-kc and the 40- to 88-kc band by means 
of modulators using carriers at 96, 80, 
and 64 kc. Group modulator and de¬ 
modulator carrier frequencies are the 
same regardless of the line allocations. 
Fig. 3 shows at the right the second group 
modulator used in the transmitting cir¬ 
cuit at East terminals and in the receiving 
branch at West terminals. 

System Description 

Terminals 

A block diagram of a typical system 
terminal with built-in signaling is shown 
in Fig. 4. Voice-frequency signals enter 
the channel unit at a plug-in voice-fre¬ 
quency terminating subassembly. Dif¬ 
ferent versions are provided for either 2- 
wire or 4-wire operation. The oscillator 
in the signaling circuit generates tones of 
3,400 and 3,550 cycles per second under 
control of incoming signals on the M 
lead. 

On channels not requiring out-of-band 
signaling, the plug-in signaling subas¬ 
sembly is replaced with a subassembly 
which makes the connections necessary to 
transmit a steady, regulating tone of 
3,550 cycles. As only one out-of-band 
tone is transmitted, additional frequency 
spectrum is available for the speech cir¬ 
cuit. The channel bandwidth can be in¬ 
creased by replacing the 3.2-kc low-pass 
filters with filters having a passband ex¬ 
tending to about 3.4 kc. 

The system pilot frequencies are gen¬ 
erated by crystal oscillators which are 
contained in a plug-in subassembly of the 
base group unit. The subassembly for use 
at the West terminal includes 40-kc and 
80-kc pilot oscillators. Internal circuits 
of this subassembly connect the base 
group modulator to the regulator output 
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and the base group transmitting amplifio: 
directly to the line group unit. The sub- 
assembly lor use at the East terminal in¬ 
cludes 99-kc and 150-kc oscillators plus 
internal circuits to connect the base group 
modulator into the transmitting arcmt 
and the regulator output directly to the 
junction hybrid. Thus, use of any base 
group unit at either an East or a West 
terminal is possible by merely inserting 
the proper pilot oscillator subassembly. 
The line group unit is arranged for use a 
either an East or a West terminal by m- 
serting the proper plug-in directional 
filter equalizer subassembly. 

The signals received from the distant 
terminal are passed through the direc¬ 
tional filter (low-pass at East terminals or 
high-pass at West terminals) and the sys¬ 
tem regulator. The two pilot frequencies 
are filtered from the band of signals pres¬ 
ent at the output of the regulator and are 
amplified, rectified, and used to control 
the flat and slope compensation g iven 
band of channels by the regulator. The 
regulator, in conjunction with the various 
fixed equalizer networks, acts to equalize 
the attenuation of the line so that ah 
channels are at about the same level at the 
regulator output. At East terminals, the 
low-frequency 12 -channel group is passed 
directly from the regulator to the junction 
hybrid of the base group unit. At West 
terminals, the high-frequency 12 -channel 
group is passed through a step of group 
modulation to position the group in the 
low-frequency band from 40 to 88 kc. 
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Repeaters 

A basic 45A system repeater consists of 
two line group units and two system reg¬ 
ulator units arranged as shown in the 
functional block diagram of Fig. Each 
repeater also includes power distnbution 
and fusing facilities and a terminal strip 
for making external connections. Umtsot 
one repeater are plugged into a sing 
shelf. The line group units and system 
regulator units are identical with those 
used at terminals. 

Terminal Carrier Supply 

All the channel, pregroup, and base 
group carrier frequencies required for ter¬ 
minal operation are supplied from one 
carrier supply system. Accuracies o 
about one part per million are obtained 
through use of two oven-controlled crystal 
oscillators. Channel and pregroup carrier 
frequencies are obtained by a frequency- 

division process. . 

Connections to the channel modulators 
and demodulators of the proper earner 
frequencies are made by use of plug-m 
connectors. Operation of two termmals 
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frroxn a single carrier supply, to facilitate 
maintenance or during emergencies, can 
be accomplished by patching test cords 
between the carrier distribution circuits of 
the two terminals. A block diagram of 
tbe terminal carrier supply system is in¬ 
cluded in Fig. 4. The master oscillator 
unit is equipped with the two oven-con- 
txolled crystal oscillators. One of the 
oscillators generates the carrier used for 
base group modulation at East terminals 
and for base group demodulation at West 
terminals. Its frequency is 187, 188,189, 
or 190 kc, depending upon the line alloca¬ 
tion. The other oscillator generates a 
96-kc carrier for pregroup unit no. 1. 
The 96-kc output is also supplied to the 
frequency division network of the pre- 
group carrier supply unit where frequen¬ 
cies of 80, 64, and 16 kc are derived. A 
frequency of 16 kc is passed to the chan¬ 
nel carrier supply unit where another fre¬ 
quency division network derives the five 
frequencies required for the channel 
^riodulators and demodulators. 

-P'ig. 6 shows the frequency division 
Method whereby 96 kc is divided down to 
obtain channel and pregroup carrier fre¬ 
quencies. Ninety-six kc is fed to a modu- 
^tor with 80 kc fed into the normal car- 
** ler twanch. The difference modulation 
product of 16 kc is fed from the modulator 
° a. nonlinear varistor device used to de- 


Fis. 5. Block diagram, type-45 A repeater 


rive the fifth harmonic ofT6 kc, or 80 kc. 
The filtered and amplified 80 kc is fed to 
the carrier branch of the aforementioned 
modulator circuit. Experience has shown 
that in the arrangement provided in the 
45A, at least 15-db loss can be inserted in 
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the feedback loop before the division proc¬ 
ess fails to be self-starting. In addition 
to generating 16 kc in the modulator, 64 
kc is also generated through third-order 
process of twice 80 kc minus 96 kc. In 
this manner not only the pregroup fre¬ 
quencies of 96, 80, and 64 are derived, but 
in addition 16 kc is developed for a similar 
divider unit to generate the five channel 


16 KC 
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Fig. 6. Frequency dividing system for carrier generation, 45A system 
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Fig. 7. Regulation characteristics, 45A system 


frequencies in the channel carrier supply 
unit. 

Slope Equalization and Regulation Fj 

A wide variety of line attenuation c , 
characteristics are encountered in use of 
systems of the 45 A type. Sam examples 
of these line conditions are shown in Fig. 

7. Although in dry and wet weather the t 
line losses and slopes are quite predictable 
and complicated only by the amount oE | 
entrance cable involved, during ice con¬ 
ditions the line losses and slopes may vary 
over a wide range. In certain cases high 
losses may be accompanied by extremely 
steep slope conditions in the line atten¬ 
tion characteristic, and in others the hig 
loss may occur with slopes no greater than 
in wet weather. For the amount of sleet 
that must be coped with and for which 
the repeater spacings must be set, the dry 
weather losses are so low that there i 
little flat loss or slope remaining. Tor a 
repeater regulating system to encoopw 
all of these varying line losses, 11 

tually essential that a 2 -phot reding 

scheme be used. In the 45A system^ 
slope pilot is used at the top end of the 
high group at 150 kc with a corresponding 
flat riilot it 90 kc. In the low group, the 

nilot at 40 kc. Choice of 80 kc as th 
pilot is to get below the 
region frequently found on open-wire li 
in the vicinity of 88 to OS kc. 

In both low and high group 
the maximum gain that is se m 
ity of the crossover region of the toec 
tional filters—that is, 88 to 
termined by the maxnmun ga* “ 

be inserted by ti,e respective flat pilot: rtg 

ulators. The slope pdot controls at th 


Fig. 8 (right). Low 
and high group gain 
characteristics, type- 
45A repeater 



9U 

FREQUENCY - KILOCYCLES 


extreme outer edges of low and high group 
bands, as they vary the amount of slope 

gain, have virtually no effect on the gain 
6 _ . .. .._T„TN<y R the 


gam uiaicit-tvLwwxvw — - 

repeaters are shown. In the high group, 
dry weather conditions are met by the 
slope control turning slope gain to near- 
minimum value. In the low group, the 
slope control works in the opposite direc¬ 
tion, increasing gain at the slope pilot re- 
quency in moving toward dry weather 
gain setting. This added gain is offset by 
the increase in loss introduced by the flat 
pilot frequency. The basic operation of 
L system regulator in both terminals 
and repeaters is shown m the terminal 
and repeater block diagrams of Figs. 4 and 
5 A system of feedback amplifiers and 
variable loss networks are used which are 
controlled by thermistor elements. Atthe 
output of the regulator, the two> pdotfre¬ 
quencies are sdected by crystal 

the thLflstor resistance and fa W 
loss of the flat and slope regulator am- 

pM lSough a Hue characteristic is sho™ 
for 170-jnile wet line, it is virtually 
Sn Lt this would never be a £*£ 
operating condition because of the W 
noise levels from static existing at tins 
time This line loss is made indicative 


a combination of cable and wet weather 
losses that might be expected during 
periods of normal operation on circuits of 

extreme length. It is a basic part of the 

plan for using 2-pilot regulation systems 
of the type in the 45A that repeater gam 
would not always be adequate for the 

amount of sleet losses encountered. In 

such cases it would be expected that the 
repeater gain would expand to about a 48- 
db maximum across the entire low group, 
and to a gain ranging from 48 to 72 

at 150 kc in the high group. Eventhoug 
such gain did not compensate fully for the 
sleet line loss, it would be expected that 
subsequent repeaters and the terminal 
would make up as far as possible for any 
deficiencies in gain of preceding repeater* 
As a further aid to this, the addition^ 
channel regulation margin of * b ° ut: 
existing at the terminals wo£d be called 
on during extreme sleet conditions to at¬ 
tempt retention of circuit equivalents at 
satisfactory values. 


Channel Regulation 

To compensate for any transmission 
discrepancies not corrected by the system 
regulator, each channel unit is equipped, 
with an automatic channel 
which has a range of about ±7 d. 
vidual channel regulation will 
differences between the frequen y 
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F'S- 9. Typical channel transmission-frequency characteristics with signaling, 45A system 


teristics of the system regulator and the 
transmission line, as well as for slight 
variations in attenuation occurring in the 
equipment itself. Circuit equivalents can 
be maintained within close tolerances 
through a considerable number of repeater 
sections. 

The signaling tones of 3,400 and 3,550 
cycles are used to control the channel reg¬ 
ulator. With frequency shift, one of 
these tones is always present for regula¬ 
tion. 

The channel regulator uses a thermistor 
bridge between the demodulator and re¬ 
ceiving channel band filters. The signal¬ 
ing frequency controls a direct current 
through the thermistor and varies its 
resistance. When the input to the chan¬ 
nel falls below normal the thermistor 
bridge becomes more unbalanced, tend¬ 
ing to bring the input to the demodulator 
back to normal. 

Signaling Facilities 

A system of built-in, out-of-band, fre¬ 
quency-shift signaling is usually furnished 


either half- or full-duplex d-c ringdown 
signaling. External converter units of 
the same type of construction as other 45 
equipment are furnished when a-c ring- 
down signals are used. The channel sig¬ 
naling leads can be arranged for back-to- 
back connection without using pulse 
link connectors between E and M leads. 

The signaling circuits are contained in a 
plug-in subassembly of the channel unit. 
When in-band single frequency dialing or 
some type of externally applied voice- 
frequency signaling is used, or in tele¬ 
graph use when signaling is not required, 
this subassembly may be replaced with a 
channel regulator subassembly that makes 
connections for the transmission of a 
steady channel pilot of 3,550 cycles. 

The signaling circuits are shown in the 
block diagram of the system terminal. 
External signals, impressed on the M 
lead, switch a capacitor in and out of the 
signaling oscillator frequency-determining 
circuit, causing it to generate alternately 
tones of 3,400 and 3,550 cycles. These 


tones are applied to the signaling modu¬ 
lator. 

Received speech and signaling fre¬ 
quencies are both passed through the 
same channel demodulator and are sepa¬ 
rated by the band-pass signaling filter and 
the low-pass channel filter. Signaling 
frequencies are amplified and passed to 
the discriminator which is sensitive to the 
frequency shift. The output of the dis¬ 
criminator is rectified and used to operate 
the receiving polar relay. A potentiom¬ 
eter is provided in the receiving circuits 
to correct signaling bias. A portion of the 
signaling frequency power is rectified and 
used to control grid bias on the signal 
amplifier tube. Plate current flows 
through the thermistor channel regulator 
and controls channel gain. 

The signaling circuits can be adapted 
for operation with all usual arrangements 
of d-c ringdown or dial signaling equip¬ 
ment using battery, ground, or open cir¬ 
cuits at the switchboard. Strap connec¬ 
tions in the signaling subassembly allow 
use of a variety of M lead signals and also 
make various connections to the E or re¬ 
ceiving lead to provide battery, ground, or 
open as the polar relay is operated by the? 
received frequency-shift signals. 

Optional Compandors 

The 45A system is designed to give toll- 
quality performance with respect to 
equipment noise, distortion, and cross¬ 
talk products, without the use of com¬ 
pandors. Therefore, compandors are not 
built in but are available as a standard op¬ 
tion to permit system application to lines 
which would normally be unsuitable be¬ 
cause of noise or crosstalk. 

Use of the compandor on a channel 
will provide an effective signal-to-noise 


for each channel of the system. All-elec¬ 
tronic varistor keying is used at the send¬ 
ing terminal, while a polar relay is oper¬ 
ated at the receiving end. The circuits 
are terminated in E, M, and F leads which 
can be arranged to operate with dial and 


Fig. tl (right). jjl=3" 
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45 A channel § ° . 2 rl . 

-10 •9 -$ -7 -6 


-6 -5 -4 -5 -2 -| N tl t2 t3 t4 +5 t6 

INPUT POWER-DB RELATIVE TO NORMAL 






advantage of about 22 db. When 
equipped with compandors, two or more 
45A systems can often be operated on 35- 
kc transposed lines which have suitable at¬ 
tenuation characteristics. The noise ad¬ 
vantage gained may also permit toll- 
quality transmission to be obtained from 
lines with high inherent noise levels. 

System Performance 

Channel Transmission Frequency 
Characteristics 

Over-all frequency characteristics of a 
typical nou-compandored channel of type- 
45-1 equipment with out-of-band fre¬ 
quency-shift signaling arc shown in Fig. 9. 

The measurements were made with car¬ 
rier terminals connected back-to-back and 
rdlect no line irregularity contributions. 
Although characteristics will vary slightly 
from channel to channel, the curve shown 
is representative for conditions in which 
the system performance is determined 
principally by the carrier equipment 
Generally, frequencies of about 250 and 
3,100 cycles have a net loss 3 db greater 
tiuiu the 1,000 cycles net loss. Over the 
frequency band from about 300 to 3,000 
cvtf le», any net loss variations from the 
1*11110 cycles net loss should not exceed 

about 3/4 db. . 

When the built-in, out-of-band sig¬ 
naling is not used, a low-pass ebanne 
filler is available to extend die upper 3-db 
point of the transmission frequency char¬ 
acteristics to about 3,400 cycles. 

Operating Level and Load 
Characteristics 
Two-Wire Drop Leads 

Nominal 2-wire transmitting level at 
the drop side of tlie resistance hybrid »0 
dll The loss through the hybrid est 
lishes tire level at the input to die channel 
modulator at -If, db. A continuously 
variable pad is included in the receiving 
branch o'f die hybrid. Adequate: gam. 
available so that receiving levels on the 

drop side of the hybrid as h.gl. as about 
db can lie obtained; however, actual 
maximum level permissible d 'P^ 
the resistance hybrid balance wtach* 
v^ned bv the impedance of the con 

nected^faroi^circuit. The ideal condtom 

is obtained with a drop circuit having* 
pure, resistive 600-ohm characteristic im- 

pedance. 

Four-Wire Drop Levels 

Nominal transmitting and receiving 4 - 

+Tdb respectively, 
ta established by the use of thepmp« 
plug-in 4-wire voice-frequency termmat 
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Fig. 13. Performance characteristics, 45A system 
jfStSs included in each _ 16 d b below 1 milliwatt refared to the 

^ome^rminadnguuitpe^tad- system 

,... , *t'i-'+v 2-wire or 4-wire ex- mission ot pulses ax u . 

ditional flexibility m 2wnr ™ pulses per second, signal bias distortion 

“group and common equipment „ expected to be less.than 1 P«“" 

ha « mffifent load capacity for all ex- conditions for 

pected speech loads. To prevent severe regulation « eflec • ^ Mpply 

overloading by any one channel output tons of the plate rf _ 

each channel limits the peaks of very loud voltage of ±10 P«cmt of 

speech P-ed - the — — W ^"ethod of transude- 


speech passea xu u« — 

Typical load charactenstics <* *&**' 
channels axe shown in Fig. 1(L 
satisfactory for even die loudest of talker 
affected with this limiting achon, 
vided nominal transmitting drop leve 
are employed. 


feet on signal — — . „ 

the frequenev-shift method of transmis 
sion gives reliable operation witih good 
feed! from the effects of interference 

“TypS signal bias versus receivedlevel 

characteristics of the signalmg 

shown in Fig. 12. Data were obtamedby 

varying the received ^ at 
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Fig. 15. Test and jack panel for use with 45A terminal 


Fig. 14. Block diagram, type-45 A alarm circuits 

ts of terminals, two line sections, 1. Failure of filament or plate fuse. 


two sets of terminals, two line sections, 
and a repeater. In each line section, arti¬ 
ficial lines were used simulating 33 miles 
of clry weather condition, 170 miles of dry 
weather line, 170 miles of wet weather 
line, and 33 miles of sleet line with 1/4- 
incli radial diameter ice. The system was 
lined up for dry weather conditions. 
Similar measurements are shown in Fig. 
13 for the variations in channel net loss 
from the lineup condition in dry weather. 
Curves are also shown for variation in 
signal bias distortion. The change in line 
attenuation used in making these meas¬ 
urements was about 104 db at 150 kc. 
Slope change was about 45 db. Despite 
this large change in line characteristics 
ara<i with no adjustments made either in 
the speech circuits or signal circuits, sig¬ 
ns ling circuit and channel net loss changes 
were virtually unmeasurable. The noise 
during sleet and wet weather conditions 
increased somewhat as planned for in the 
design. A careful disposition of amplifier 
gains and thermistor flat and slope regu- 
lator controls in the design of the repeater 
regulator keeps the repeater and te rminal 
circuits free from overload and noise 
limitations throughout all expected line 
loss conditions. 

Alarm Facilities 

-A. simplified block diagram of the 45A 
basic and auxiliary alarm equipment is 
s . °' w:| i in Fig. 14. Alarm facilities provide 
Visual indication by lamps on the alarm 
units as well as contacts for connection to 
external visual and audible alarm circuits. 
a.sic alarm equipment provided at ter- 
is operated by the following condi- 

l * failure of any filament or plate fuse. 

X.oss of received carrier energy. 

® f regulation resulting in abnor- 

tem i* 1 or ow pilots at tJie output of sys- 
etn - regulators. 

re Peaters, alarm equipment is pro- 

crm^i- . Which is operated by the following 
011 actions: 


2. Loss of regulation resulting in abnor¬ 
mally high or low pilots at the outputs of 
either of the two system regulators. 

In addition to the basic alarms, auxili¬ 
ary alarm equipment needed in dial opera¬ 
tion is optionally available to provide 
disconnect and subsequent make-busy 
signals on the signaling leads of all chan¬ 
nels after system failure. Auxiliary alarm 
equipment can also be used to test the 
continuity of the transmission path and 
the operation of a distant unattended ter¬ 
minal, following the supposed clearing of a 
system failure condition. The basic alarm 
facilities provide positive alarm for failure 
of equipment or transmission common to 
12 channels. The circuits associated with 
the received carrier alarm monitor the 
total carrier energy received at ter¬ 
minals. An alarm is indicated when the 
total carrier energy received falls below 
that received when speech is absent and 
only signaling tones are transmitted. Suf¬ 
ficient margin is provided so that noise 
will not operate the alarm. 

Received carrier alarm and regulation 
alarm will also interrupt all tr ansmissi on 
from the terminal. This will cause re¬ 
ceived carrier alarm at the distant ter¬ 
minal and regulator alarm at all repeaters. 
Thus, in the event of failure of equip¬ 
ment which causes system failure, alarm 
is provided at all repeaters and terminals. 
This is mandatory because of the inter¬ 
connection between system failure alarms 
and required subscriber disconnect signals 
at the two terminals. 

Test and Maintenance 

It is not expected that telephone-type 
jackfields would normally be used with 
type-45 terminal equipment. Instead, a 
panel shown in Fig. 15 is used providing 
jack access for all normal terminating test 
procedures. The test set is connected to 
the carrier equipment by using special 
test cords to patch from a plug or socket 
on the test set to test sockets on the equip¬ 


ment being tested. One such test set 
could be used for an entire office, in con¬ 
trast to the large arrays of jackfields 
which were required with earlier carrier- 
systems. 

An optional telephone set circuit may 
be added to provide monitoring, talking, 
and signaling facilities for any of the 45 
system channels. For test and lineup, 
channel units need not be removed from 
their plugged-in positions. Instead, the 
resistance hybrid or 4-wire plug is re¬ 
moved from the channel unit and plugged 
into the socket provided on the test panel. 
A patch cord is then extended from the 
vacated socket on the channel unit to the 
test set. Standard telephone-type jacks 
on the test set are thereby placed in the 
voice-frequency and signal circuit giving 
access to 4-wire equipment and drop cir¬ 
cuits, as well as E and M leads. 

In addition to the use of the auxiliary 
test jack panel, bridging tests can be made 
using a vacuum-tube voltmeter inserted 
in an 11-pin vacuum-tube socket jack on 
each equipment unit. For further tests 
any unit can be removed from the frame 
position and restored to operating condi¬ 
tions through a cord with 20-pin plug and 
ack at the two fends. 

Conclusion 

The system described in this paper has 
undergone extensive development tests 
for nearly 1 year, and at present a con¬ 
siderable number of these syst ems are 
being put in operation throughout the 
operating telephone plants. Performance 
has met the objectives in a highly satis¬ 
factory manner. The inclusion of auto¬ 
matic channel regulation combined with 
frequency-shift signaling has proved to be 
an invaluable asset to system operation. 
Although usage through several winters 
of sleet storm fexposure is required to 
prove fully the adequacy of the regulating 
arrangements provided, there is no doubt 
that the ranges afforded will cope with 
most line situations where wire lines re¬ 
main intact. 

The almost wholesale shift to the use of 
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plug in units ami subassemblies has been 
an invaluable uitl in system development, 
in factory production, and in held main¬ 
tenance. With the onupletiun of the 
ehanm li/im' group. ami carrier supply 
equipment, a major part of the develop¬ 
ment was accomplished for new cable and 
radio svstenis. Development, of only a 
few new group units ami slight revisions 
in frame wiring are needed to plain- these 
systems in operation. Further extensions 
of the development are Indus aimed at 
utilization of the basic equipment in 


supergroup assemblies of GO channels for 
radio and coaxial cable use of many chan¬ 
nels. The basic terminal equipment will 
also be utilized in 4-channel group as¬ 
semblies with frequency - frogging re¬ 
peaters both above and below 35 kc on 
open-wire lines. 
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A Fully Automatic Teletypewriter 
Switching Center for Military Use 

LEITH JOHNSTON R. C STILES 

Hi iUMl.WMl? AII I ASSOCIATE MEMBER AIEE 


T HF; United Static Army Signal 

Corps ini'* teceittlv addrd another 
< hujdrr to tin* colorful history of military 
. ■*. amnutiinitioiis. Du Dee. 17, Ibo'.t at 
Fifth Army HeadquarterClma«o, 111., 
tb«* Signal Corps pin id in a*rv»ee its 
iit >,v ti h tvjMwritVf ?■»« itching center which 
automatically swUrhi-s im'ssagrs through 
tin- \nuv’> vast worldwide teletyjiewriter 
m-twoik. Sufficient time has passed 
srm* the v a*, in was rut into service In 
p,ovide adequate demonstration that the 
svstrm is an import.int link in modern 
militate *'omnumi* afioiis Hr hind the 
drama of the cutover to tin* new wdwn 
hr . a ;4*>rv of li'rhiiiral progress whieh has 
kipt the Signal Corps abreast **f the 
mod modern development’. in com¬ 
munications brlumpte Some of the 
„ Mfl v ledmh al and up*rational problems 
encountered in the development of this 
higblv complex v rent will be fold here. 

n,« -sfeery of the Jeletv|^writer art is 
one which parallels to a * retain extent 
the devidopiurfit ^ the telephone art 
l hr hist attempt < *t ieletvpewliter 
vw itching irliters saw the manual inter* 
rentiertton of line he an operate for 
l«au* to Htd eommmtH atioii just as tit 
the rally day*, of telephone ,„mmmma 
As the at! swung toward the trails 
mission "f o j.aiaf*' tne,.sag*-, tu*nr tlab 
orate switching venters were employed 
to route message:, toward their ultimate 
destinations I hr hr f commercial auto 
matir Mvif. hmg renters were installed m-t 


prior to World War II. These centers 
were eapuble of receiving messages and 
automatically routing them toward their 
several destinations without the assist¬ 
ance of operators, ihus a teletype¬ 
writer switching wilier is similar in pur¬ 
pose to an automatic dial telephone sys¬ 
tem. One such system for commercial 
use has been described by W. M. llacon 
and l*. A. boeke. 1 

During World War II, teletypewriter 
communication assumed new importance. 

It. was during this period that the military 
commands began to use large scale net¬ 
works of teletypewriter channels and 
equipment to facilitate their task of 
extending c»unniuuieutioiis on a world¬ 
wide scale. The networks which were 
formed for the military commands con¬ 
sisted of both Government-owned radio 
facilities, and lines or channels which were 
leased from connnereial companies on 
either a full-time or a part-time basis and 
which were terminated in teletypewriter 
equipment which was largely owned by 
the Government and operated and main¬ 
tained bv personnel of the various com¬ 
mands. To minimize the number of lines 
required, each network contained a num¬ 
ber of switching centers which functioned 
in these networks in much the same 
manner as a telephone central office func¬ 
tions in a telephone system. Kacli tele¬ 
typewriter station was connected to a 
switching center either by a direct line 
or in some cases by means of a party line 


which served several stations. 

One of tlie principal differences between 
a telephone system and a teletypewriter 
system, however, lies in the type of mes¬ 
sage to be conveyed from one point to 
another. The telephone requires point- 
to-point contact, but a teletypewriter 
message may be transmitted from its 
point of origin to one of several inter¬ 
mediate points where it may be repro¬ 
duced for later retransmission when 
the required circuits become available. 

The equipment in use at these switch¬ 
ing centers during World War II was of 
the manual type, which required that a 
message into a switching center be repro¬ 
duced on a printed and perforated paper 
tape. An operator was required to read 
the address code of a message and, follow¬ 
ing complete receipt of the message, was 
required to place the message tape tem¬ 
porarily in a storage rack. .Subsequently 
an operator was also required to withdraw 
the message from storage and insert it 
into a transmitter as the appropriate line 
became available. This manual process 
frequently caused delays and also created 
a complex problem of personnel handling. 

Following World War II, the Signal 
Corps began a search for newer and more 
efficient switching center equipment to 
put their networks on a permanent basis. 
The .Signal Corps recognized that the task 
of switching a message to temporary stor¬ 
age and subsequent retransmission could 
be accomplished automatically by the 

Paper 54-122, recommended by the AIEE Com- 

8ES&5U3SSS ». tj-ff -a 

1954. Manuscript submitted ° ct0 ^ . •_» 
made available for printing December ~, 1953. 

Leith Johnston and R. C. Stiles are with the 
Automatic Electric Company, Chicago, Ill. 

authors gratefully acknowledge the assistance 
of rile SigS Officer, Fifth Army Headquarters for 
assistance 11 rendered in the preparation of illustra¬ 
tions and diagrams for this paper. 


March l?»5l 


Stiles Automatic. Teletypewriter Switching Center 





Fig. 1. General view of 
switching center in operation 
at Fifth Army Headquarters 


use of techniques commonly used in the 
art of automatic telephony. An exami¬ 
nation of existing commercial systems 
found those systems to be inadequate for 
Army requirements. The Signal Corps 
prepared a specification covering a switch¬ 
ing center which would meet Army re¬ 
quirements. The system described in 
this paper was developed to meet the 
provisions of that specification. 

Characteristics of Military Messages 

Before considering the characteristics 
of the equipment required to switch mili¬ 
tary messages the reader should have an 
adequate understanding of the types of 
messages involved in a military network. 
Military messages range in length from 
very short messages such as the average 
telegram message to long messages in¬ 
volving requisitions, reports, troop move¬ 
ment data, logistics reports, and even 
public relations information which is to 
be given to the press. Interspersed be¬ 
tween these longer messages are also the 
extremely short ones dealing with the 
operation of the network itself. Messages 
of this type usually use three letter operat¬ 
ing signals to indicate a particular situa¬ 
tion, such as, for example, the use of the 
operating signal ZDK to instruct a switch¬ 
ing center operator to rerun a particular 
message for checking purposes. This 
wide range of message lengths is an im¬ 
portant factor in the design of equipment. 
The average military message, however, 
is considerably longer than the average 
commercial message, thus accounting 
partly for the need of special equipment. 

Military networks are used by nearly 
all types of military installations. It is 
not likely that front line or even rear 
area troops deployed in a tactical situation 
would be using the facilities of a teletype¬ 
writer network which would use auto¬ 
matic switching. Behind these tactical 
troops, however, are the many adminis¬ 
trative and supply organizations which 
must keep in constant communication 
with the zone of the interior. For these 


communications, the written word and 
speed of service are highly important. 
Within the zone of the interior, however, 
many types of military activities such as 
training commands; army posts, camps, 
and stations; recruiting centers; and 
supply points and depots use the networks 
to good advantage. Most of these sta¬ 
tions are equipped with network facilities 
only when the volume of traffic to or from 
the station warrants the leasing of line 
facilities, thus insuring that most of the 
lines into a switching center will carry a 
reasonably heavy load of message traffic. 

One of the prime considerations in the 
network is the highest degree of relia¬ 
bility, and it is primarily this factor which 
determines network procedure, message 
format, and equipment characteristics. 
Seldom in a commercial network does 
life or death to many men or the success 
or failure of a major undertaking such as 
a military operation depend upon specific 
messages being delivered to the proper 
addressee. This same consideration also 
is closely coupled to the need for particu¬ 
lar messages being given priority over 
others. Thus in a military network the 
relative degree of precedence assigned to 
a message by its originator must be recog¬ 
nized and adhered to in the switching 
centers. Messages of extremely high 
precedence actually require interruption 
of lower precedence to clear the way for 
the high-precedence message. This par¬ 
ticular characteristic of a military net¬ 
work is of utmost importance in the de¬ 
sign of automatic-switching-center equip¬ 
ment. 

In a network which operates on a world¬ 
wide basis it is most convenient to use a 
plan of station-call-letter assignments in 
which the call-letter assignment itself 
identifies the activity and its approxi¬ 
mate geographical location. The first 
consideration is the identification of the 
network, since in modern military opera¬ 
tion all services which operate their own 
networks must also be able to transmit 
messages of all other services. Joint 
agreement, therefore, has assigned the 


first letter of a station call sign, known as a 
routing indicator, to identify the service 
network involved. Since all of our mili¬ 
tary networks are composed only of 
switching centers each of which serves 
local nearby stations, the next point of 
consideration is the geographical loca¬ 
tion of the switching centers. For this 
purpose the world has been divided into a 
number of areas to each of which a defi¬ 
nite letter has been assigned. Thus the 
second letter of a routing indicator serves 
to identify a particular area of the world. 
The third point of consideration is the 
particular switching center within the 
designated area and network. Thus the 
first three letters of the routing indicator 
identify a particular switching center. 
Succeeding letters of a routing indicator 
serve to identify a particular tributary 
station of the designated relay center. 
The routing indicator assignment plan is 
therefore of utmost importance to the 
design of the switching center equipment. 
It is also important that each of the 
number of degrees of precedence of a mes¬ 
sage be indicated by a specific precedence 
indicator. Both routing indicators and 
precedence indicators must appear in 
the routing line or address portion of the 
message. 

Switching Center Specifications 

The specifications covering the design 
of the switching center were highly exact¬ 
ing in their requirements. One of the 
most basic of the requirements was that 
the new switching center should take 
fullest advantage of existing teletype¬ 
writer equipment. This was necessary 
because the Army had a considerable 
amount of money already invested in 
teletypewriter apparatus which was usa¬ 
ble. This requirement limited the new 
center to the type of apparatus to be 
used and fixed the network transmission 
speed at the capabilities of existing 
equipment, which was approximately 60 
words per minute. Another basic re¬ 
quirement was that the new equipment 
should be capable of conforming to the 
then existing message format. It also 
was to be capable of installation at any 
switching center of the network without 
installation of similar equipment at other 
centers. These two requirements made 
it necessary for the new switching center 
to be capable of directly replacing any 
one of the switching centersinthenetwork. 
The reason for this was that the first 
center was to be of an experimental na¬ 
ture, and the Signal Corps preferred not 
to permit the experimental switching 
center to compel alteration in the network 
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procedure and message format in the 
entire world-wide network. From a 
practical standpoint, these requirements 
meant that tire equipment must read the 
address portion of the message after it 
was perforated in a paper tape at the 
switching center and act upon it accord¬ 
ingly. One deviation from the standard 
message format which the Signal Corps 
permitted was the addition of a start-of- 
message indicator at the beginning of a 
message and an end-of-message indicator 
at the end of the message. Some com¬ 
mercial systems do not use a start-of- 
message indicator, but it was felt that in 
the Army system tire start-of-message 
indicator was necessary to safeguard 
message sequence. Since a message 
might pass through several switching 
centers en route to its destination a fur¬ 
ther requirement was that none of the 
routing information could be absorbed 
in a switching center, thus insuring that 
succeeding switching centers would have 
complete routing information. 

Because of the importance of military 
messages, the system had to be engineered 
for a maximum degree of reliability. 
Adequate provisions were to be incorpo¬ 
rated into the system to insure that no 
message would ever become lost. The 
equipment was to be so well interlocked 
that equipment failures of any kind 
which might result in a lost or delayed 
message would be brought to the im¬ 
mediate attention of a supervisor. As a 
safeguard against lost messages in the 
early manual systems, each transmis¬ 
sion of a message between two points was 



assigned a serial number which served as 
a basis for checking the receipt of all 
messages passing through the networks. 

A similar system was to be retained in 
the new system but was to incorporate 
automatic checking of the numbers. 

General System Description 

Fig. 1 shows a general view of the Fifth 
Army Headquarters switching center. 
The layout of equipment falls into two 
general classes. The first of these is the 
operational equipment; that is, those 
components which are normally used by 
operating and supervisory personnel in 
the regular performance of their duties. 
The second is the switching equipment 
which normally is unattended. There 
were several factors which influenced the 
decision to follow the plan of separation 
of operating and switching equipment. 
One of these was the type of equipment 
to be used. It was decided that electro¬ 
magnetic switching equipment would be 
the most satisfactory, the most economi¬ 
cal, and the easiest to use. A further 
consideration in the use of this type of 
equipment was that Signal Corps auto¬ 
matic-telephone central-office mainte¬ 
nance personnel would have the required 
background to learn quickly the circuitry 
of the new center. . 

The switching equipment can be basi¬ 
cally divided into two classifications: the 
actual switches required to establish 
signal connections, and the relays re¬ 
quired for tape reading, temporary data 
storage, and control purposes. The 


Fig. 2 (left). Twenty-fiye- 
point multilevel stepping 
switch 


rotary switches are of two types. The 
first is a multilevel 25-point electro- 
magnetically operated stepping switch, 
like that shown in Fig. 2. These switches 
are used primarily for the actual switch¬ 
ing of signal circuits within the center, 
but are also used for control functions. 
The other type of switch used is the 
multilevel 10-point switch shown in Fig. 3. 
Switches of this type are used primarily 
for counting, since the 10-point con¬ 
tinuous movement lends itself to cas¬ 
cading of switches to record a plurality of 
digits. They are used also in many 
places as a straight selector switch for 
control purposes. 

The relays used are also of two types. 
The first of these, shown in Fig. 4, is the 
quick-acting multicontact type, using 
twin contacts for maximum dependa¬ 
bility. The versatility of this relay was 
used to great advantage to obtain the 
desired operating characteristics of the 
circuits. Since much of the tape reading 
was accomplished on a character-by- 
character basis by these relays, they had 
to be fast in operation and release, and 
had to carry a large number of contact 
springs. A further consideration in the 
selection of this relay is its extremely 
long life. Since many relays in the sys¬ 
tem must operate once for each charac¬ 
ter received on any incoming line on a 
24-hour basis, relays of rugged charac¬ 
ter were essential. Many relays in the 


Fig. 3 (right). Ten-point- 
multllevel stepping switch 
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Fig. 4. General purpose multicontact relay 


system have as many as 12 separate 
sets of contacts, and thus it was impera¬ 
tive to choose a relay capable of satis¬ 
factorily operating over long periods of 
time with such a large load. 

The other type of relay used in the sys¬ 
tem is that shown in Fig. 5. It has 
roughly half the size and contact spring 
capacity as the other type, and two of 
these are mounted iri a space equivalent 
to one of the others. This relay was 
chosen to conserve mounting space where 
necessary. It is ideally suited to use 
as a data-storage relay, since such relays 
generally require few springs and are 
used in large numbers. 

A further consideration involved in 
the separation of the operational and the 
switching equipment was the decision 
to use common control equipment to the 
greatest possible extent. Here the princi¬ 
ples which have been proved in auto¬ 
matic telephone exchanges were used to 
good advantage. Since it is basically un¬ 
economical to use large amounts of 
equipment, required to establish a con¬ 
nection throughout the entire length of 
the message, the equipment used for this 
purpose was grouped together and made 
available to all components as required. 
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1. Incoming line unit. Fig. 7; 

2. Cross office unit, Fig. 8; 

3. Automatic numbering and monitor 
unit; 

4. Cross office intercept unit; 

5. Incoming line intercept unit; 

6 . Intercept manual forwarding unit; 

7. Multiple call storage unit; 

8 . Supervisor’s console. 


Sequence of Operation 


Thus the total amount of switching 
equipment was materially reduced by the 
extensive use of common equipment. A 
further reason for the extensive use of 
common equipment was the fact that 
by its use, equipment quantity becomes a 
function of traffic rather than a function 
of the number of, terminal facilities in the 
center. 

Another factor which influenced the 
decision to separate operating and switch¬ 
ing was the packaging requirements of the 
specification. The system was to be de¬ 
signed as a basic 25-line switching center 
capable of expansion to a m aximum of 
250 lines by the addition of similar com¬ 
ponents. The wiring of the banks of 
selector switches to a common multiple 
would be obviously uneconomical if the 
switches were located in different parts of 
the center, but when switches are pack¬ 
aged together, installation becomes sim¬ 
ple, since most wiring has been done at 
the factory. The coupling together of 
additional switching cabinets to accom¬ 
modate an expansion of the system is a 
relatively simple mattter. A switching 
unit of this type is shown in Fig. 6. 

The operating components consist of: 


characters to the associated control relay 
group. In this manner, the tape reader 
and the relay group co-operate in reading 
the tape. A relay sequence register in 
the relay group scans each character and 
records certain ones. When the se¬ 
quence which is the start of message 
indicator arrives, the sequence register 
detects it and indicates its presence by 
the operation of a relay. The next bit of 
information appearing in the message 
format is the channel designation and 
number. It may be recalled that each 
incoming transmission on a given line is 
numbered serially. The channel number 
comparator has recorded the serial num¬ 
ber of the last message received, thus 
being preset to record and check the serial 
number of the new incoming message. 
If the number in the comparator does not 
agree with the number on the incoming 


Also associated with the operating equip¬ 
ment but not directly coupled to it are 
teletypewriter devices for initiating new 
messages and keeping the necessary 
supervisory records. 
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A general understanding of the opera¬ 
tion of the system can be obtained by 
following the block diagram of Fig. 9, and 
by considering the flow of several mes¬ 
sages through the center, which will illus¬ 
trate the sequence of operations. The 
incoming lines pass through terminal 
and patching equipment (which is not 
shown) and terminate in typing reper¬ 
forators in the incoming line unit. The 
typing reperforator reproduces the mes¬ 
sage on a paper tape both in typed form 
and in perforations in the tape. As the 
tape between the reperforator and the 
reader slackens, the tape reader senses 
each character in the tape and passes 
along an electrical indication of the 


Fig. 5. Small multicontact relay 




















Fig. 7. Incoming line unit 


message, further processing is halted and 
an alarm condition is indicated. If, 
however, the numbers do agree, process¬ 
ing of the message is permitted to con¬ 
tinue. 

Checking of the channel number is a 
signal for the line circuit to call for the 
services of a director, Fig. 10. In re¬ 
sponse to that call, an idle director finds 
and associates itself with the calling line 
equipment. Following this, the reading 
of the tape by the reader is permitted to 
continue, and each character read is re¬ 
corded on relays in the director. The 
director in scanning each character read 
by the reader, is hunting for one of 
several possible sequences of letters which 
will constitute a precedence indicator. 
Following receipt of this indicator other 
relay sequence registers are used to de¬ 
tect and register a routing indicator. 
These relay registers are unique in that 
they have the ability to detect a bona fide 
touting indicator from an indiscriminate 
group of characters, thus not relying on 
the relative position of the indicator in 
the message format. 

When the routing indicator has been 
received, no further information is re¬ 
quired from the line circuit. Receipt of 
the indicator also initiates a call by the 
director for the services of the routing 
translator. The routing translator is 
an all-relay device which receives from 
the director a coded 3-, 4-, or 5-charac¬ 
ter routing indicator, translates that in¬ 
formation, and sends back to the director 
an indication of the outgoing line to be 
used for the message bearing that par¬ 
ticular routing indicator. This transla¬ 
tion process requires approximately 50 
milliseconds, and since the translator is 
used for such a short time, it is common 
to all directors in any one switching cen¬ 
ter consisting of 100 lines or less. 



Fig. 6. Cross office selector switch unit 


Having received a line identification 
from the translator, the director must 
then select a cross office unit. These 
uni ts are arranged in a common pool of 
equipment; that is, no unit is perma¬ 
nently connected to any incoming line 
unit or permanently connected to any out¬ 
going line. A cross office unit is tem¬ 
porarily associated with an incoming line 
unit via the action of the cross office 
selector switch, which is associated with 
an incoming line unit, and it is tem¬ 
porarily connected to an outgoing line 
via the action of its own outgoing line 
selector switch. When a cross office unit 
has been associated with an outgoing 
line, it remains set to that line until all 
messages in it have been transmitted, 
following which its outgoing selector 
switch is reset and the unit is then re¬ 
turned to the pool and is again available 
for seizure for a new outgoing line. 
While a unit is set to an outgoing line it 
may receive many messages which are 
destined for that particular line providing 
the unit also has been set to the desired 
degree of precedence. Two messages of 


different degrees of precedence are never 
directed to the same cross office unit while 
the outgoing selector switch is set to a 
particular line. 

During the process of selecting a cross 
office unit, the director may make several 
tests of the cross office pool. The first 
of these is to determine whether or not 
there is already at least one cross office 
unit preset to the desired outgoing line 
and the desired degree of precedence. 
If there is at least one such unit and it is 
not busy receiving a message from another 
incoming line unit, the director may cause 
the incoming line selector switch to be 
positioned to this unit. If the director 
does not find such a unit, one must be 
selected from the pool of units. Theproc- 
ess of selecting a new unit involves set¬ 
ting the cross office selector switch to a 
unit which is available, and subsequently 
setting the precedence switch of the unit 
to the desired degree of precedence and 
also setting the outgoing line selector 
switch to the desired outgoing line. Fol¬ 
lowing this the unit is ready to receive the 
transmission from the incoming line unit. 
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When the cross office unit has been 
properly set, the director has completed 
its functions. Its last function before 
release from the connection is the trans¬ 
mission of a signal to the incoming line 
unit to cause it to assume holding con¬ 
trol of the connection to the cross office 
unit. This signal also causes the trans¬ 
mitter to commence transmission of the 
message to the cross office unit. Trans¬ 
mission to the cross office unit is at the 
ra -te of 75 words per minute, which is 
sufficiently faster than the 60-Word- 
Per—minute speed of the incoming reper¬ 
forator to cause elimination of the tape 
wlaich accumulated during switching. 
Wfien the backlog of tape has been elimi¬ 
nated transmission continues at the rate of 
75 words per minute, but on an intermit¬ 
tent basis. 

'When the start-of-message indicator 
has "been transmitted to the cross office 
u * 1 it it is advanced immediately, in the 
case of seizure of a new cross office unit, 
to the tape reader, where the start-of- 
*nessage indicator is read by the tape 
r ea<ler and detected by the associated 
relay- group as in the case at the incoming 
hue unit. After detection, the start-of- 
message indicator is advanced to a point 
^^Pxediately beyond the transmitter, at 
^fixcla time the reader and tra nsmi tter 
a *-e stopped. At this time the associated 
rel ay- group tests the condition of the out- 
going- line to determine whether or not 
f e outgoing line is busy or idle. If 
°'U.n<l to be idle the line is imme diately 
SeiZed by the cross office unit, thus guard- 

32 


ing the line against seizure by another 
unit. 

Before the transmitter is permitted to 
proceed a transmission serial number 
must be transmitted to the line. Since 
this number is peculiar to the line and 
not the cross office unit the transmission 
must be controlled from line equipment. 
For this purpose, the automatic channel 
number transmitter is used to transmit 
first the start-of-message indicator, and 
then the channel designation and serial 
number. Immediately following trans¬ 
mission of the number, control of the line 
is returned to the cross office unit for 
transmission of the message. When the 
end of message indicator is sensed by the 
reader and detected by the relay group, 
the tape is advanced through the trans¬ 
mitter to a point where the end-of-mes¬ 
sage indicator has been advanced to, but 
not through, the transmitter. At this 
point the cross office unit releases from 
the connection and the automatic message¬ 
time transmitter transmits to the out¬ 
going line the time of day followed by the 
end-of-message indicator. 

In the example described above, the 
cross office unit found the outgoing line 
to be idle when tested, which resulted in 
immediate seizure of the line. Had the 
cross office unit found the line busy, a 
further test would have been ma d e to 
determine the precedence assigned to the 
line by some other cross office unit. 
Having obtained an indication of this prec¬ 
edence, the cross office unit would have 
then made a comparison of the line prec¬ 


edence with its own precedence. If the 
precedence of the line at the time was 
low and the precedence of the cross office 
unit was sufficiently high (one of the three 
highest) the cross office unit would inter¬ 
rupt the outgoing message. It will be 
recalled that in a military network, cer¬ 
tain messages must occasionally be given 
absolute priority to the line even at the 
cost of interrupting a message already in 
the process of transmission. In our exam¬ 
ple, when a cross office unit has made a 
decision to interrupt a message, a com¬ 
mon piece of equipment known as a can¬ 
cel transmission transmitter is tem¬ 
porarily connected to the line and trans¬ 
mits a cancellation sequence followed by 
an end-of-message indicator. Following 
this sequence a signal is sent to the cross 
office unit which had control of the line. 
This signal disconnects the cross office 
units control of the line, places it in a 
locked out condition and causes an alarm 
condition to be indicated. A supervisor 
must rethread the tape in the transmitter 
before permitting it to proceed. Pro¬ 
cedure such as this occurs very infre¬ 
quently, however. When the original 
cross office unit has been locked out, the 
line is immediately returned to an idle 
condition, thus permitting the new cross 
office unit containing the high preced¬ 
ence message to gain control of the line. 

It is obvious that at the time that a line 
becomes idle there should be several cross 
office units waiting to seize it. In this 
situation all such cross office units first 
indicate precedence to the line. Elec¬ 
trical interlocks insure that only a cross ’ 
office unit containing a message of the 
highest degree of precedence indicated 
will seize the line. Thus it can be seen 
that in a situation involving several cross 
office units all waiting for the same line 
message traffic can accumulate in the tape 
storage bins of these units to the capacity 
of the bins, each of which exceeds 20 
average length messages. From a con¬ 
sideration of this situation it can also be 
seen that the number of cross office units 
set to a particular line is a function of the 
amount of traffic to that line. Since in a 
military network traffic volume to or from 
a particular station fluctuates widely, the 
pooled cross office units provide a com¬ 
pletely flexible storage medium. 

In a teletypewriter network, it is often 
necessary to repeat transmission. It is 
necessary, therefore, to keep a record of 
all transmission to each outgoing line. 
For this purpose a monitor unit is used. 

It consists of a typing reperforator which 
produces a record of transmission in 
punched tape form. These tapes are 
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automatically taken up on reels and 










Fig. 9. System functional block diagram 
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Fig. 10 (left). Di¬ 
rector unit 


Fig. 11 (right). 
Channel number 

comparator switch 
showing use of the 
large indicator wheel 


s .„r„l for a ncriod of time for record and other controls are located on the 


purposes. 

If a director fails to detect a bona fide 
routing indicator, receives a supervisory 
message for the local switching center, or 
for any reason cannot immediately direct 
a message to a cross office unit, the mes¬ 
sage will be directed to a cross office inter¬ 
cept position where the message is repro¬ 
duced on a tape in such a manner that the 
tape can be easily torn between messages. 
This permits an operator to examine 
each message for appropriate action. If 
the message requires forwarding the 
operator has the facilities of the intercept 
manual forwarding unit by which the 
message can be reinserted into the net¬ 
work. Thus it can be seen that every 
message is immediately cleared from the 
incoming position to some form of cross 
office position. In a military network 
this is highly important, since the incom¬ 
ing line equipment must be left free to act 
upon a high precedence message. This is 
one of the fundamental departures from 
commercial techniques. 

Equipment Description 

The Incoming Line Unit 

The incoming line unit, shown in Fig. 7, 
consists of a cabinet which houses all 
teletypewriter and switching equipment 
which is individual to two incoming lines. 
The teletypewriter equipment for each line 
consists of a typing reperforator equipped 
with, a tape supply reel, a tape reader, 
a tape transmitter, and a tape take-up 
reel on which the spent tape is accumu¬ 
lated. The channel number comparators 
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front panel. Inside are the two associ¬ 
ated relay groups. In this case, the relay 
control groups are mounted with the op¬ 
erational equipment to facilitate mainte¬ 
nance and cabling of the center. The tape 
reader indicates to the relay group via 
five coding wires, which are grounded one 
or more at a time depending upon the 
character read. In this manner, the tape 
reader indicates a particular character to 
the relay group, where five sensing relays 
are used to decode the character. This 
application is an excellent example of the 
use of multicontact relays, since the de¬ 
coding process requires indication of 
several characters, each of which requires 
two sets of contacts on each of the five 
relays. 

With the receipt of the first characters 
of the start-of-message indicator, a set 
of two relays is operated, preparing the 
paths for operation of the second set of 
relays if the next character received is 
the actual second character of the start-of- 
message indicator. If the second charac¬ 
ter received is not the proper one, the 
first set of relays must immediately re¬ 
lease so that it will be ready to operate 
on the receipt of the next first character 
received. Thus in this manner a se¬ 
quence of several characters can be used 
and detected as a start-of-message indica¬ 
tor. Relays were chosen for this applica¬ 
tion instead of a stepping switch because 
a relay counting chain is capable of being 
instantly reset to the starting position if a 
character is received out of sequence. 

One of the interesting features of the 
incoming line unit is the channel number 



comparator. It will be recalled that 
each transmission between two points 
carries a serial number and that the se¬ 
quence of these numbers must be checked 
to guard against lost messages. This is 
accomplished by keeping in storage the 
serial number of the next message to be 
received, and comparing the stored, 
number with the number on the incoming 
message. The stored number is regis¬ 
tered on a set of three 10-point rotary- 
switches of the type shown in Fig. 11. 
Each of these rotary switches is equipped 
with a large indicator wheel for display¬ 
ing the contact number to which tlie 
switch is set. By mounting these three 
switches side by side behind a panel, 
witibi only one number of each switcli 
showing through a hole on a panel, a 3- 
digit number can be indicated visually. 
This number is at all times the serial 
number of the next message to be re¬ 
ceived. The number is automatically 
advanced one unit as each message is proc¬ 
essed. The banks of the rotary switeli 
are used for automatic checking of tlie 
serial number. Tbe visual indication is 
observed by the supervisor in case of an 
alarm condition resulting from failure to 
check a number. The actual comparison 
is accomplished by decoding the first 
character of the serial number anc 
grounding one of ten leads. These ter 
leads are connected to bank contacts o; 
the first switch. If the switch is set t< 
the contact connected to the groundc< 
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lead a successful comparison is made and 
another character is read from the mes¬ 
sage tape. A fourth switch of the type 
shown in Fig. 3 is used to switch control 
to the second and third rotary switches 
for checking the succeeding numbers. 

The Director 

Broadly stated, the function of the 
director is that of directing the establish¬ 
ment of transmission paths through the 
center. This major objective is accom¬ 
plished by proper control of the following 
functions: 

1. Incoming line selection; 

2. Precedence detection and storage; 

3. Routing indicator detection and storage; 

4. Control of translation and line identi¬ 
fication storage; 

5. Selection of a suitable cross office unit; 
0. Setting of all necessary switches; 

7. Release. 

The director unit is shown in Fig. 10. 
It consists of two directors, one on each 
side of the cabinet. In the lower right- 
hand corner, the line selector switch base 
is visible. This base is common to the 
two directors, and consists primarily of 
two rotary switches per director mounted 
adjacent to each other and on the same 
base to facilitate wiring. The function of 
these switches is that of finding an in¬ 
coming line position which has a message 
to lie switched. Since these switches are 
25-point switches, each set of two direc¬ 
tors operates with 25 incoming line sets. 
Under normal traffic loads one of the two 
directors can adequately handle all traffic 
supplied by a group of 25 lines. This is a 
prime example of the savings realized by 
resorting to the use of common director 
equipment. 

The precedence-sensing relay group is 
primarily a sensing means to supply the 
registers of the precedence detector. The 
output of the tape reader in the incoming 
line unit is connected to the five sensing 
relays here which decode characters re¬ 
ceived (which constitute precedence in¬ 
dicators) and pass them on to the detec¬ 
tor registers of the prededence-detector 
relay base. In these relay registers, sets 
of 2-step relays are used as in the start 
of message detector in the incoming line 
unit to pick a particular sequence out of 
a group of characters. Here, as before, 
relays were used to provide an immediate 
reset in case a character is received out of 
sequence. 

The address-detector relay group is 
primarily a set of sensing relays similar to 
those of the precedence-sensing relay 
group, but in this case the contacts of the 


relays are wired to decode only certain 
letters of the alphabet which are used as 
first or second characters of the routing 
indicators. The output of this unit is 
fed to the routing-register relay base, 
which is a means of storing temporarily 
a 3-, 4-, or 5-letter routing indicator in 
code form. The operation of the routing 
register relay base is of particular interest. 
It consists of five sets of five storage re¬ 
lays each and five control relays arranged 
in a counting chain for control of the 
registers. In the routing-indicator as¬ 
signment plan, the first and second 
characters each can be one of only a 
selected few letters, and each of the re¬ 
maining characters can be any one of the 
letters of the alphabet. Thus a receipt 
of two characters which are bona fide 
letters for their respective positions will 
establish the basis for a routing indicator 
sequence. These 3, 4, or 5 charac¬ 
ters are then stored in the storage regis¬ 
ters in sequence. 

One of the interesting features of this 
piece of equipment is its ability to pick a 
routing indicator out of a group of in¬ 
discriminate characters. The receipt of a 
usable first character causes that charac¬ 
ter to be stored in the first relay register. 
The receipt of a usable second character 
is stored in the second set of registers, thus 
preparing the third and subsequent regis¬ 
ters to receive the remaining characters. 
If, however, a usable first character is 
received which is not followed immedi¬ 
ately by a usable second character, the 
first and second registers must be im¬ 
mediately released between characters 
to be capable of receiving a new first 
character should one appear. A further 
aspect of this situation appears when a 
usable first character has been received 
which is not usable as a second charac¬ 
ter but happens to be usable in the first 
position as the start of a new sequence. 
In this case the first register must be re¬ 
leased and the second character must be 
stored as a first character. The use of 
multicontact relays here facilitates the 
rapid switching required to store the 
coded characters in the proper registers. 

The Routing Translator Unit 

One of the most basic functions of the 
switching equipment is to determine 
which outgoing line to select for a par¬ 
ticular message. This function is accom¬ 
plished in approximately 50 milliseconds 
by the routing translator, which is com¬ 
mon to all directors in any one switching 
center consisting of one hundred lines or 
less. The translation processes are ac¬ 
complished by means of multicontact 
relays of the type shown in Fig. 4, and by 


means of patching cords with pin-jack 
connections. In a commercial system, 
network changes are relatively infrequent. 
In a military network, however, over¬ 
night changes can and do occur very fre¬ 
quently. It is also possible that military 
routing indicator assignments may change 
completely overnight. These factors 
have dictated the use of pin-jack patching 
cords in the translation process to permit 
rapid changes of the switching plan. The 
translator is also supplied in duplicate, 
which permits operation on one switching 
plan with immediate transfer to another 
plan when required. 

The basic translator circuitry has been 
diagrammed in Fig. 12. Information is 
supplied from the director via the five 
sets of five leads each to operate the five 
sets of decoding relays. Each of these 
sets of decoding relays decodes an en¬ 
coded letter and indicates the letter by 
operation of one of its associated transla¬ 
tion relays. It will be recalled that the 
first three letters of a routing indicator 
identify a particular relay center in the 
network. The operation of one of several 
possible first position translation relays 
extends a ground to contacts, in multiple, 
of all second position relays. The opera¬ 
tion of one of the second position relays 
likewise extends one grounded lead to 
contacts of all third position relays. The 
operation of one of the third position 
relays extends the ground to a pin jack 
which identifies a particular relay center. 
Likewise all possible combinations of the 
first three characters are connected to 
similar pin jacks. The arrangement of 
switching centers and tributary stations 
is such that no switching center ever need 
transmit a message directly to a tributary 
station of another switching center. 
Thus the receipt of a routing indicator 
which has the first three letters identify¬ 
ing a center other than the local switch¬ 
ing center does not require action on the 
fourth or fifth character. Thus the pin 
jack in the 3-letter field which represents 
the local switching center is strapped to 
the “local” pin jack, which starts another 
translation ground through the fourth and 
fifth character translation relays, ulti¬ 
mately to reappear at the fourth or fifth 
character pin-jack fields. Single-con¬ 
ductor patching cords are used to con¬ 
nect the assigned routing indicators of the 
network to the desired outgoing line. 

The Multiple Call System 

Before we consider the equipment re¬ 
quired to process multiple-address mes¬ 
sages, we Should have some understand¬ 
ing of the multiple-address procedure as 
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FOIST CHAR. DHCOMNG RLY». 


nMT CHAR. 
TRAM. Rtjfl. 


SECOND CHAR. 
TRAM. RLT1. 


THIRD CHAR. 
TRAM. RLTS. 


FOURTH CHAR. 
TRAM. RLW. 


FIFTH CHAR. 
TRAM. RLW. 


INPUT FROM MRECTORS 


Fig. 12. Schematic diagram showing routing 
translator principles 


used in the Signal Corps. Military net- 
■vvorks use two types of multiple-address 
procedure. One of these requires that 
personnel at each relay center must know 
toy prearrangement the correct routing 
for routing indicator under a par¬ 
ticular set of circumstances and must 
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■route all messages accordingly. This 
type of routing is used to best advantage 
when the network is constructed along 
command lines or is so arranged that the 
bulk of message traffic is from or to a 
centralized switching center with little or 
no traffic passing between adjacent 
switching centers. The other type of 
multiple-message processing requires that 
personnel at the originating station assign 
a definite responsibility to a particular 
relay center. This method is used by the 
Signal Corps primarily because it avoids 
the confusion of considering message 
origin in networks which make extensive 
use of interconnecting trunks between 
many switching centers of the network. 
As an example of this type of message we 
can assume a message originating at 
station A A which is a tributary station of 
switching center A. An operator at 
station AA addresses a message to sta¬ 
tion CA and CB, and instructs relay center 
C that it is to be responsible for multiple 
transmission. The message may travel 
as single transmissions through relay 
centers A and B because only relay cen¬ 
ter C has been designated as the one to 
make a multiple transmission. This 
method requires knowledge of the net¬ 
work by the originating operator and by 
switching center operators, but it has 
the advantage of fixing definite responsi¬ 
bility for transmission of the message. 
Quite frequently a switching center will 
receive a multiple-address message, and 
in segregating the routing indicators for 
retransmission, finds that two or more 
routing indicators can be reached via 
another switching center. In this case a 
pilot is attached, preceding the heading 


of the message, assigning further multiple- 
address responsibility for the routing 
indicators concerned. In all cases, a 
pilot preceding a message is followed im¬ 
mediately by another pilot or by the 
original message heading. 

Sequence op Operations 

When a director detects the special se¬ 
quence indicating local responsibility for 
a multiple-address message, the message 
is routed immediately to a multiple- 
call storage unit. This unit is similar in 
appearance to the cross office unit, and 
serves to collect multiple-address mes¬ 
sages prior to processing. As in the case 
of the cross office unit the tape is read im¬ 
mediately by a tape reader, which trans¬ 
fers coded characters to the associated 
relay control group. When the start of 
message indicator is sensed, the tape 
reader is stopped until the processing 
equipment is available. The processing 
equipment is common to several storage 
units, and is assigned to each for the 
duration of one message. 

When the processing equipment is con¬ 
nected to the storage unit, the tape reader 
is permitted to continue, and information 
passes from the tape reader to the proces¬ 
sing equipment. The precedence of the 
message is recorded in the processing 
equipment, following which the first rout¬ 
ing indicator is detected and stored. 
The receipt of the first routing indicator 
causes the tape reader to stop and start 
a group of operations. The first of these 
operations is a translation, and for this 
purpose the routing translator is used. 
The second operation is the placing in 


storage of the associated routing indica¬ 
tor. Perforated paper tape was chosen 
for these storage mediums because it 
permits use of up to 100 routing indicators 
in any one message. The remaining 
operation is the seizure of the cross office 
unit which will be held for transmission 
at a later time. A cross office unit is 
selected for this purpose in exactly the 
sairip manner as in the case of single¬ 
address message. 

Following the completion of these 
operations, the second and all subsequent 
routing indicators are read and processed 
similarly. Thus a new cross office unit 
is seized each time a different outgoing 
line is indicated. Part of the processing 
involves keeping in relay storage the 
three letters identifying the relay center 
which is to be responsible for multiple 
processing of any of the outgoing trans¬ 
missions. Thus when a particular out¬ 
going line is indicated by the routing 
translator for a second or subsequent 
time, a comparison of the new routing 
indicator and the one previously in stor¬ 
age must be made. As a result of this 
comparison, a new routing indicator might 
be placed in storage in place of the one 
previously held. Thus for each indicated 
outgoing line to be used, the 3-letter 
switching center routing indicator is held 
in storage for use at a later time. 

After the last routing indicator has been 
processed, transmission to the cross office 
units is started. The first item of in¬ 
formation is transmitted simultaneously 
to all seized cross office units. It con¬ 
sists of the start-of-message indicator 
and the precedence indicator. Following 


Johnston, Stiles— Automatic Teletypewriter Switching Center 


March 1954 


36 



CONTACTS WIRED FOR SEQUENCE ABC 


SWITCH MAGNET 


TAPE SENSING PQS 


Ml 


_i I i 

_IJ 


Fig. 13. Schematic 
diagram showing the 
markable transmitter 
principles 


• - SKSNAL CIRCUIT 


I CLUTCH MAGNET CIRCUIT 


2 1 

1 

«- 


TAPE SENSING PINS 
NOT USED 


I I I 


SIGNAL CIRCUIT 


A 


CONTROL LEVEL 


this, individual pilots are transmitted to 
each cross office unit as required. These 
pilots consist of individual handling in¬ 
structions assigning specific transmission 
responsibility where required. For this 
purpose, the 3-letter switching center 
designations mentioned above become 
part of the respective pilots. Following 
this the routing indicators, which were 
previously placed in tape storage, are 
withdrawn from storage and transmitted 
to the cross office units, which are indi¬ 
cated by the line numbers, which were 
also placed in storage. In this manner a 
specific pilot, including applicable rout¬ 
ing indicators, is transmitted to each 
cross office unit. Following completion 
of all of these pilot messages, the original 
address portion and the body of the mes¬ 
sage are transmitted from the multiple 
call storage unit in multiple to all seized 
cross office units. Following completion 
of the message, the processing equipment 
and the cross office units are released. 

The multiple-address processing equip¬ 
ment is largely a collection of relays and 
rotary switches which axe connected to¬ 
gether to control a logical sequence of 
events. This equipment can be grouped 
into the following general classifications: 

1. Sensing relays; 

2 Storage relays and switches; 

3. Transmission control switches; 

4. Sequence control relays and switches. 

The sensing relays are a means of 


CLUTCH MAGNET CIRCUIT 


transferring information from tape form 
to relay storage. The storage relays and 
switches axe of many different forms, but 
they all constitute a means of putting a 
piece of information away until it is 
needed. The sequence control relays are 
a means of controlling all of the functions 
of sensing, storage, and transmission. 
The transmission control switches are a 
means of encoding information taken from 
storage to permit its transmission as re¬ 
quired. 

The sensing relays have been pre¬ 
viously described. The encoding equip¬ 
ment, however, consisting of the trans¬ 
mission control switches, is equally im¬ 
portant to the functioning of the multiple 
call system, because one of the functions 
of the system is the creation of specific 
pilot messages which must be transmitted 
as a sequence of teletypewriter charac¬ 
ters. The basic principles of encoding 
are illustrated by the schematic diagrams 
of Fig. 13. The upper diagram shows a 
schematic representation of a typical tele¬ 
typewriter transmitter. It consists of a 
set of six transmitting contacts which are 
wired as shown. "When nothing is being 
transmitted, a ground is maintained on 
the signal lead via the normally closed 
contacts. As a mechanical cycle starts, 
these contacts open for a definite period, 
following which the remaining five con¬ 
tacts close or remain open in timed se¬ 
quence, depending upon the character to 
be transmitted. The action of the con¬ 
tacts is controlled by the positions of the 
sensing pins, which in turn are controlled 
by the presence or absence of holes in the 

tape, .. 

The multiple-call system requires m 
many instances that information be with¬ 
drawn from relay or rotary switch stor¬ 
age and transmitted directly to the signal 


circuit. To accomplish this function, a 
standard transmitter was modified by 
splitting apart the common electrical 
connection on one side, and wiring it to a 
control switch as shown in the lower dia¬ 
gram. By operating the transmitter with¬ 
out tape all sensing pins are permitted 
to operate, thus causing all contacts 
to close in sequence. External control 
of the grounds to the respective contacts 
has the same effect as closing or opening 
the contacts through operation of the 
sensing pins in a normal transmitter. 

In operation, a pulse is sent to the rotary 
switch, which steps from its normal posi¬ 
tion to its first position. Immediately 
following this a pulse is applied to the 
clutch magnet of the transmitter, thus 
causing transmission of the character 
which is represented by the ground pat¬ 
tern on the first five levels of the switch. 
Subsequently, succeeding pulses are ap¬ 
plied to the switch and the transmitter, 
thus causing a multiletter sequence to be 
transmitted. It should be noted that, 
while the control switch as shown has its 
bank contacts grounded directly to trans¬ 
mit a fixed sequence, these contacts are 
often connected to other supplementary 
switches, thus permitting transmission 
of a variable sequence. This plan of 
controlling a teletypewriter transmitter 
is the heart of the multiple-call processing 
operation. 

Conclusion 

This experimental installation at Fifth 
Army Headquarters has been regarded as 
a first step towards the goal of a 
completely automatic network. Several 
larger switching centers are being planned 
which will incorporate many new features 
and techniques, as well as a completely 
new line of teletypewriter equipment 
which is being adapted especially for use 
with automatic-switching techniques. 
Much effort is being exerted to stream¬ 
line network procedure and message 
format. It is expected that these efforts 
and the more extensive use of automatic 
switching equipment such as this will 
result in smoother and more efficient 
operation in meeting the ever-increasing 
demand for more and better communica- 
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T HE increasing number of electronic 
applications for semiconducting ma¬ 
terials which have been developed in re- 
oen t years, coupled with the discovery of 
-fclie transistor action of these materials, 
lias been largely responsible for the vast 
amount of research data which have been 
published on semiconductors. Most of 
work has been done on germanium 
am<i silicon and as a result these data have 
led. to a better understanding of the mech¬ 
anism of electric conduction in semicon- 
cLactors as well as an explanation of their 
rectification properties. Data such as 
tlrese are lacking for selenium. The 
development of the selenium rectifier 
industry, however, during the past decade 
lias stimulated an interest in its semi¬ 
conducting properties. A limited amount 
of research work has been done on both 
single crystal and microcrystalline sele¬ 
nium, thinking that perhaps such data 
would aid in understanding the mech¬ 
anism of conduction and also aid in over¬ 
coming some of the difficulties encoun¬ 
tered in the manufacture of rectifiers. 
Several researchers have studied the elec¬ 
trical properties of single crystals of 
selenium with the thought that such data 
would serve to explain the electrical 
properties of microcrystalline selenium. 
Tliese data have not materially clarified 
th e situation. In view of these facts, 
and also since selenium exists in the 
microcrystalline state in selenium recti¬ 
fiers, it would seem that measurements on 
th.e electrical properties of microcrystalline 
material would be the most practical con¬ 
tribution to existing data. 

Measurements on the resistivity of 
microcrystalline selenium have recently 
"been made. 1-4 Blackburn 1 measured the 
resistivity and the temperature coeffi¬ 
cient of resistivity of selenium containing 
various percentages of bromine and re¬ 
ports a minimum in the resistivity for 
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0.007-per-cent bromine. In the tem¬ 
perature range of —30 degrees centigrade 
(C) to 100 C the coefficient of resistivity 
was found to be negative and variable 
and the resistivity was found to vary by 
factors of 3 to 12, depending upon the 
bromine content. Schweikert 2 measured 
the resistivity of microcrystalline sele¬ 
nium containing chlorine and found that 
the resistivity decreased to a minimum 
and then increased again when heated at 
210 C, and that the minimum is reached 
earlier when the selenium contains more 
chlorine. He concluded that the initial 
rapid decrease was due to the transition 
from the amorphous to crystalline phase 
and the slow increase following the mini¬ 
mum was due to loss of halogen. Hen- 
kels 3 has reported extensive data on re¬ 
sistivity as a function of heat treatment 
and halogen content. He found that the 
resistivity depends only to a slight extent 
on the nucleation temperature and to a 
much greater extent on the crystallizing 
temperature. Plessner 4 found that the 
resistivity of samples crystallized at 110 C 
followed by 40 minutes at 218 C was lower 
by a factor of 10 than a similar sample 
heated at 175 C instead of 110 C. He 
attributes the difference to variations in 
crystal size, the higher temperature pro¬ 
ducing the largest crystals. 



TIME (MINUTES) 


Fig. 1. Heating curves Illustrating the tem¬ 
perature rise of selenium during the hot press¬ 
ing operation 


It is apparent from the works referred 
to that the electric resisitivity of selenium 
is very sensitive to past history. Varia¬ 
bles such as nucleation temperature, crys¬ 
tallizing temperature, time of nuclea¬ 
tion and crystallization, and impurity con¬ 
tent are perhaps the most influential in 
determining the final crystalline state of 
a jsaniple of selenium. The impurity con¬ 
tent is undoubtedly the most difficult to 
control; temperature and time may be 
controlled without difficulty to a high 
degree of accuracy. 

In this paper data are presented on the 
resistivity and temperature variation of 
resistivity for the temperature range 25 
to 150 C on selenium samples containing 
iodine concentrations as follows: 


Selenium 
Lot No. 


Per Cent Iodine 



0 

0.0055 

0.0190 

.0.0860 


Preparation of Samples 


The selenium used in preparing the 
samples was obtained from the American 
Smelting and Refining Company. No 
attempt was made to purify the selenium 
to a higher degree of purity. In prepar¬ 
ing each sample for resistivity measure¬ 
ments 10 grams of selenium was heated for 
30 minutes at 475 C in a clean porcelain 
crucible; it was then quenched by pour¬ 
ing into a special chromium plated steel 
die which had been cooled to 12 C. The 
die was then placed between the elec¬ 
trically heated platens of a hydraulic 
press and a pressure of 5 tons applied; 
the platens were thermostatically con¬ 
trolled at a temperature of 135 C. Each 
sample was left at this pressure and tem¬ 
perature for a total of 35 minutes after 
which the pressure was released, the die 
removed from the press, dismantled, and 
the sample removed. This procedure 
resulted in samples 5 inches by 0.5 inch 
by 0.040 inch which were uniform in cross 
section, and free from voids and cracks 
on the surface and throughout the interior 
as nearly as could be ascertained. 

The temperature cycling of the selen¬ 
ium during this pressing operation is 
shown in Fig. 1. The temperature in 
each case was obtained by inserting u. 
thermocouple in the side of the die such 
that it was located within 1/32 inch of the 
selenium. Approximately 20 minutes 
were required for the selenium to read* 
the temperature of the platens of the 
press. Fluctuations in temperature from. 
20 minutes to 35 minutes were due to 
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Fig. 3. Resistivity at 21S C as a function of crystallizing time for differ* 
Fig. 2. Resistivity of sections 1 , 2, 3, and 4 for a sample of undoped ent iodine concentrations. Curve no. 0,0-per-cent iodine; curve no. 5, 
selenium crystallized for 120 minutes at 212 C. Section 1 at positive 0.0055-per-cent iodine; curve no. 3, 0.0190-per-cent iodine; curve 
potential with respect to section 4 no * 1 / 0.086-per-cent iodine 


thermal inertia of the platens and die. 
The cycle, however, was reproducible to 
the extent that variations of ±5 C were 
seldom exceeded. 

Resistivity data were taken on each 
sample during the crystallizing process. 
This was accomplished by inserting each 
sample into a special fixture containing 
two current probes and five potential 
probes spaced at 2-centimeter intervals 
along the 5-inch sample. With five po¬ 
tential probes it was possible to measure 
the potential drop, and hence resistivity, 
on four separate sections of each sample. 
In this manner any inhomogeneities in 
the structure would be detected. »Silver 
was evaporated onto the selenium at each 
probe-selenium contact point; this low¬ 
ered the contact resistance and substan¬ 
tially increased the sensitivity with 
which potential measurements could be 
made. The fixture and sample was then 
placed in a constant temperature oven 
at 212 C. A constant potential of 25 
volts d-c was immediately applied across 
the sample. Readings of current and 
potential across each of the four sections 
were taken, at intervals of time during 
this crystallizing process, the initial read¬ 
ing having been taken 5 minutes after 
placing the sample in the oven. Five 
samples were made from each of the lots 
of selenium listed here and these were 
crystallized at 212 C for total times of 15, 
35, 60, 90, and 120 minutes respectively. 
That is, one sample was heated for 15 
minutes and removed from the oven, the 
second was heated for 35 minutes, etc. 
Potential measurements were taken 
across each of tiie four sections of each 
Zpie With a Leeds & Northrup type-JC 
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potentiometer; current readings were in Figs. 4, 
take with a model -430 Weston milli- no. 0, 5, 3, 
ameter. resistivity i 

The temperature variation of resis- as a funct 

tivity was measured for each sample over temperatur 
the range 25° to 150 C. This was done variation i 

by placing the sample in the oven at 25 C of resistivil 

and raising the temperature step-wise, at 212 C. 
allowing 1/2 hour for thermal equilibrium Photomi< 
at each temperature setting. In this representat 
manner each sample received the same samples fo: 
thermal treatment so that changes in effect of cr 
microcrystalline structure due to con- crystalline 
tinued crystallization during this heat in Figs. 8, 
treatment would be identical for all sam- no. 0, 5, 3, 
pies. No attempt was made to carry the 
samples through several temperature Discussio: 
cycles to study the hysteresis effect ob¬ 
served by Henkels. 6 ^he dat 

tivity at 2 

Experimental Results titne 

r results rep< 

Resistivity data in ohm-centimeters at rine doped 
212 C are shown in Figs. 2 and 3. The creases, pa 
data for each of the four sections of each then gradi 
sample were plotted as a function of kert found 
crystallizing time as shown in Fig. 2. 3C0tol,GC 
These data are for sample no. 5 of selen- minutes a 
ium lot no. 0 (undoped selenium) which minimum 
was crystallized for 120 minutes. An centimeter 
average curve was drawn for these data. indicating 
A similar procedure was repeated for each much fas 
of the other four samples from this lot of than it is 
selenium. The resulting curves repre- The rap 
senting the average resistivity values for thefirst fe 
the four sections of each sample were com- to the trar 
bined into a single curve which is shown to crysta 
for each of the four lots of selenium in being mo: 
"7 3 concentra 

^he temperature variation of resistivity the obser 
in the range from 25 to 150 C are shown tnbuted 
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in Figs. 4, 5, 6, and 7 for selenium lots 
no. 0, 5, 3, and 1 respectively. Values of 
resistivity in ohm-centimeters are plotted 
as a function of reciprocal of absolute 
temperature 1 /T. These data show the 
variation in the temperature coefficient 
of resistivity with time of crystallization 
at 212 C. 

Photomicrographs were prepared from 
representative sections of each of the 
samples for purposes of illustrating the 
effect of crystallizing times on the micro¬ 
crystalline structure. These are shown 
in Figs. 8, 9, 10, and 11 for selenium lots 
no. 0, 5, 3, and 1 respectively. 

Discussion 

The data in Fig. 3 showing the resis¬ 
tivity at 212 C as a function of crystal¬ 
lizing time agree qualitatively with the 
results reported by Schweikert 2 for chlo¬ 
rine doped selenium. The resistivity de¬ 
creases, passes through a minimum, and 
then gradually increases again. Schwei¬ 
kert found minimum values ranging from 
3C0 to 1,000 ohm-centimeters in about 100 
minutes at 210 C. Our data indicate 
minimum values from 500 to 850 ohm- 
centimeters in 10 to 20 minutes as 212 C 
indicating that the crystallizing process is 
much faster with iodine as an impurity 
than it is for chlorine. 

The rapid decrease in resistivity during 
the first few minutes at 212 C is attributed 
to the transformation from the amorphous 
to crystalline phase, the transformation 
being more rapid for the higher iodine 
concentrations. Continued heatingwith 
the observed increase in resistivity is at¬ 
tributed to increase in grain size. It 
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Fig. 4 (left). 

Temperature vari¬ 
ation of resistiv¬ 
ity for undoped 
selenium (O-per- 
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crystallized at 
212 C for times 
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Fig. 6 (right). 
Temperature vari¬ 
ation of resistiv¬ 
ity for selenium 
no. 3 (0.0190- 
per-cent iodine) 
crystallized at 
212 C for times 
indicated by 
each curve 
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crystallization is a purification process the 
impurity concentration at the boundaries 
of the grains increases as the grains con¬ 
tinue to grow. Therefore, if conduction 
takes place along grain boundaries as was 
postulated by Henkels,® we would expect 
to find a decrease in resistivity. How¬ 
ever, due to the increased size of the 
grains the number of conduction paths is 
considerably reduced, tending to increase 
the resistivity. This increase must more 
than compensate for the decrease due to 
increased impurity concentration in the 
grain boundaries with a net result of an 
increase in resistivity. 

The data on temperature coefficient of 
resistivity are not sufficient by them¬ 


selves to allow any theoretical interpreta¬ 
tion; other data such as mobility and 
concentration of current carriers are 
necessary in order to interpret these data 
in the manner that Pearson and Bardeen, 7 
for example, have done for silicon and 
germanium. It is interesting to note, 
however, that both heat treatment and 
impurity content make an appreciable 
change in the coefficient. 

The progress of crystallization and 
grain growth is well illustrated by the 
series of photomicrographs in Figs. 8, 9, 
10, and 11. From these photographs it 
appears that the presence of iodine re¬ 
tards the formation of the dendritic struc¬ 
ture characteristic of crystallization from 



Fig. 5 (left). Temperature 
variation of resistivity for se¬ 
lenium no. 5 (0.0055-per-cent 
iodine) crystallized at 212 C 
for times indicated by each 
curve 


Fig. 7 (right). 
Temperature vari¬ 
ation of resistiv¬ 
ity for selenium 
no. 1 (0.086- 

per-cent iodine) 
crystallized at 
212 C for times 
indicated by 
each curve 


a melt and which is observed, for exam¬ 
ple, in plate 3849 of Fig. 8. The dendritic 
structure observed in this plate tends to 
decrease with increasing iodine concen¬ 
tration as may readily be seen from plates 
3841,3836, and3831. Increasing amounts 
of iodine speed up the grain growth proc¬ 
ess during heating times from 15 minutes 
to 60 minutes; after 60 minutes there ap¬ 
pears to be very little significant difference 
in the samples. If resistivity is depend¬ 
ent on grain size then the data in Figs. 4, 
5, 6, and 7 further substantiate this ob¬ 
servation. There is a marked drop iu 
the room temperature resistivity when 
increasing the crystallizing time from 15 
to 35 minutes; this change is less when 
increasing the time to 60 minutes, and 
after 60 minutes there is very little dif¬ 
ference. Large percentages of iodine 
impurity, however, change this picture 
somewhat as may be seen in Fig. 7. The 
resistivity is a minimum for a crystallizing 
time of 35 minutes; longer periods of 
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Plate 3851 (left), 60 minutes 
Plate 3854 (right), 120 minutes 
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Plate 3833 (left), 60 minutes 
Plate 3835 (right), 120 minutes 











crystallizing time increase the resistivity. 
There is no apparent dependence of 
grain size on impurity content when the 
samples are crystallized for 120 minutes. 
This is shown by the similarity of plates 
3854, 3845, 3840, and 3835 of Figs. 8, 
1), 10, and 11, respectively. 

There is a definite correlation between 
the resistivity at 212 C and the state of 
crystallization. The most rapid change 
in resistivity after the initial rapid de¬ 
crease occurs within the interval of 15 to 
40 minutes, us shown in Fig. 3. The 
photomicrographs in Figs. 8, 9,10, and 11 
show that the largest change in structure 
occurs for crystallizing times from 15 to 
35 minutes. Fig. 3 shows that the re¬ 
sistivity values tend to converge to a 


common value at 120 minutes crystalliz¬ 
ing time which substantiates the observa¬ 
tion made here regarding similarity of 
structure after 120 minutes at 212 C. 

Conclusions 

1. The crystalline state of commercial 
grade selenium is markedly dependent upon 
the thermal treatment it receives. 

2. Iodine impurity additions accelerate the 
crystallization process when the selenium is 
heated at 212 C. 

3. The final state of crystallization, in par¬ 
ticular the grain size, is independent of 
iodine content after crystallizing times of 
120 minutes at 212 C. 

4. Temperature coefficients of resistivity 
are both positive and negative and variable 

No Discussion 


FrOlU 

over the temperature range. 

150 C. 
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Instantaneous Electrical Characteristics 
of Selenium Rectifiers 


G. F. PITTMAN, JR. 

ASSOCIATE MEMBER AIEE 


I N POWER applications of selenium 
rectifiers the reverse characteristics 
of the selenium cell are of interest only 
in so far as they affect the heat generated 
within the cell and thus the efficiency and 
the current rating of the cell as dictated 
by its heat-dissipation capabilities. In 
more critical applications, however, the 
detailed reverse characteristics of the cell 
must be considered; this is particularly 
true in the case of selenium cells used as 
self -saturating or feedback rectifiers o 
magnetic amplifiers. In such applica¬ 
tions, not only a more complete knowl¬ 
edge of the reverse resistive properties 
of the cell is required but also information 
regarding its capacitive properties. 

Through an experimental study of th 
instantaneous reverse voltage-current op- 
ending loci of selenium cells at power f - 
fluencies, much information as to the 
nature and magnitudes ofth^-erse 
characteristics may be obtained, 
information, in turn, provides an msig 


into the effects of these characteristics 
upon the operation of selenium rectify¬ 
ing elements and, also, upon methods of 
testing cells to be used in critical applica¬ 
tions. This paper presents some results 
of such a study; relatively long-term ef¬ 
fects such as aging, temperature drifts, 
forming, etc., are not considered, but, 
rather, attention is focused upon phenom¬ 
ena taking place within a given cycle 
of operation. 

The selenium cells used in the study 
were various sizes of a type of 30-volt cell 
produced by one manufacturer specifically 
for magnetic-amplifier applications. I 
has been found, however, that, although 
the magnitudes of the characteristics 
may vary somewhat between 
manufacturers and types of cells,, the 
qualitative nature of the characteristics 
is quite generally that described herein. 

General 

The experimental technique used in 
obtaining the data involves the dispky 
of the instantaneous voltage-curre 
operating lod on a cathode-ray osollo- 
graph by applying the voltage appearing 
Soss the selenium cell to the honrontal 
axis and a voltage taken from a resisto 


in series with the cell to tHe v«rO“!“^ 

as shown in Kg. 1(A). QM***-' 

data are then obtained toy calibratri K 

the axes and scaling oft a photograph 

of the display. . , . 

Fig. 2(A) shows data obtained in 
manner for a typical 2-inch. by 2-inch 30- 
volt selenium cell operating a-t an a o 
source frequency of 60 cycles per second 
(cps) in the circuit of Fig- 1 (A) - Shown 
are the operating loop and. time base os¬ 
cillographs of voltage and current oriented 
so as to correspond to the axes of the loop. 
Tracing the operation through a cycle, 
it is seen that, immediately following aw 

instant when the applied voltage is zero, 
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reading voltmeter circuit. 
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circuit. B—p«ak- 
C—dynamic test 


the current increases rapidly to a rather 
high value in the reverse (blocking) 
direction and then proceeds to decrease as 
the reverse voitage increases. As the 
voltage approaches its peak value, the 
current decreases less rapidly and may 
incr eas e in magnitude (as shown in the 
oscillograph). Following passage of the 
voltage through its peak value, the cur¬ 
rent drops rather rapidly to zero and re¬ 
verses direction—an increasingly large 
current flowing in the forward (conduct¬ 
ing) direction of the cell until, just before 
the voltage becomes zero, a current is 
flowing in the forward direction ap¬ 
proximately equal in magnitude to that 
observed in the reverse direction im¬ 
mediately following the beginning of the 
cycle. Upon passage of the voltage 
through the zero, the current reverses 
and the cycle repeats. Fig. 2(B) shows 
similar oscillographs for the same cell 
operating at the same peak voltage but 
at an a-c source frequency of 400 cps. 
The distance a shown in both Figs. 2(A) 
and (B) represents the same current to 
the scale of each figure. Notice that the 
400-cps loop is several times broader and 
that the current peaks at zero voltage are 
much larger while the current at the volt¬ 
age peak remains approximately the same 
as that observed at 60 cps. 

An Equivalent Circuit 

A notable feature of the operation ob¬ 
served is that, although the voltage ap¬ 
plied to the cell is at all times acting in the 
reverse direction, a current in the for¬ 
ward direction flows dining a large part 
of the cycle. This behavior is readily ex¬ 
plained if the rectifier is thought of in 
terms of an equivalent circuit consisting 
of a purely capacitive element in parallel 
with a purely resistive element. (This is 
indeed a very simplified equivalent cir¬ 
cuit; however, experimental evidence 
justifies its use under many normally en¬ 
countered operating conditions.) 

Suppose the rectifier were replaced in 
the circuit of Fig. 1(A) by a linear capac¬ 
itor; the current flowing at any instant 
would then be given by 

. dv 
t=c- 
dt 

and the voltage-current locus would be 
a semi-ellipse with its axes coincident 
with the voltage and current axes. The 
average current read by a d-c meter in 
series with the capacitor would, of course, 
be zero since the capacitor charges and 
discharges during each cycle, the current¬ 
time integral required being the same for 
each. 
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Fig. 2. Instantaneous cell operation with full- 
wave rectified sinusoidal reverse voltage ap¬ 
plied. A—a-c source frequency of 60 cps. 

B—400 cps 

Suppose now a linear resistor is placed 
in parallel with the capacitor. The 
straight line voltage-current locus of the 
resistor must now be added, current-wise 
to the semi-elliptical locus of the capaci¬ 
tor. The resultant locus, shown in Fig. 3, 
is a semi-elliptical one skewed downward 
by an amount depending upon the value 
of the resistance. The current read by a 
d-c meter in series with the combination 
would be the average of the resistive 
component—the capacitive current again 
averaging to zero over a cycle. Also the 
current at the peak voltage point is the 
peak voltage divided by the resistance, 
the capacitive current being zero at that 
instant. The locus of Fig. 3 is seen to 
exhibit the essential features of that dis¬ 
played by the selenium rectifier cell, the 
differences being caused by the nonlinear 
nature of both the resistance and capaci¬ 
tance exhibited by the selenium cell. 

The equivalent circuit parameters of 
the selenium cell will thus be the resistance 

v 

r =t 
* r 

and the differential capacitance 



where 

v =applied voltage 

i r =resistive component of cell current 
i c = capacitive component 


It may be seen from Fig. 3 that, if both 
the resist an ce and the differential capaci¬ 
tance of the cell are single-valued func¬ 
tions of the applied voltage, then, at 
any given instantaneous voltage, the ver¬ 
tical width of the operating voltage-cur¬ 
rent loop is twice the capacitive com¬ 
ponent of current (since dv/dt is a single- 
valued function of v) while the distance 
fr om the voltage axis to the center line 
of the loop is the resistive component. 
Thus both parameters may be determined 
from measurements on the observed loops 
if dv/dt is assumed known as a function 
of v from the applied voltage wave form. 

The symmetry about the voltage axis 
of loops observed at frequencies and volt¬ 
ages such that the resistive component of 
current is very small compared to the 
^capacitive component and the nature of 
loops observed at very low frequencies 
where the capacitive component is small 
indicate that the assumption of single¬ 
valued dependencies of the parameters 
on voltage is a good approximation. A 
notable exception is found in unformed 
or very leaky cells where the operating 
points extend well beyond the knee of the 
reverse resistance characteristic; in such 
pplk a considerable hysteresis or loop ef¬ 
fect is noted in the resistance charac¬ 
teristic itself at the higher values of volt¬ 
age. This effect is in the opposite direc¬ 
tion to that produced by the capacitance 
of the cell and tends to disappear as the 
cell forms in under continued application 
of voltage. 

Capacitance 

The aforementioned method of deter¬ 
mination of differential capacitance yields 
sufficiently accurate results for voltages 
in the middle range between zero and the 
peak value applied; however, it suffers 
serious inaccuracies near zero voltage 



Fig. 3. Instantaneous voltage-current oper¬ 
ating loci of a parallel linear resistance-capaci¬ 
tance combination with full-wave rectified 
sinusoidal voltage applied 
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since the applied wave form is somewhat 
distorted in this region due to the capaci¬ 
tive nature of the cell under test. Specifi¬ 
cally, the voltage does not fall sharply to 
zero and increase again, but rather the 
cusp is rounded off; thus the actual time 
rate of change of voltage near zero is con¬ 
siderably less than that of a pure rectified 
sinusoidal wave form. In order to obtain 
an accurate measure of the capacitance in 
this region, a small sinusoidal voltage, 
on the order of 0.1 volt rms, was applied 
to the cell, superimposed upon a pure 
direct bias voltage, and the locus of the 
alternating components of voltage and 
current observed as before. From the 
values of the alternating current at the 
zeros of the alternating voltage, the in¬ 
cremental capacitance of the cell at the 
direct bias voltage applied was deter¬ 
mined. This method was used at zero 
and near zero bias voltages and also at 
higher bias voltages to check the correla¬ 
tion between the capacitance determined 
by this method and that from the pre¬ 
vious method. These checks were found 

to be excellent. 

The differential capacitances of a num¬ 
ber of samples of various sizes of selenium 
cells were determined by these methods; 
typical results are shown in Fig. 4. The 
differential capacitance, expressed on a 
unit active area basis, was found to be 
rather consistent among the cells tested. 
Note that Fig. 4 extends to slightly posi¬ 
tive voltages, the differential capacitance 
increasing rapidly as the cell voltage goes 
more positive. No measurements were 
made at more positive voltages than that 
shown since the shunting of the capaci¬ 
tance by the very low differential resist¬ 
ance displayed by the cells above their 
threshold voltage makes such measure¬ 
ments both difficult and insignificant. . 

The dependence of the differential 
capacitance upon frequency was also in¬ 


vestigated by using the last-mentioned 
method with frequencies ranging from 20 
to 20,000 cps. Typical results of these 
tests are shown in Fig. 5. The magni¬ 
tude of the alternating voltage used in 
the experimentation was found to have 
no effect upon the value of capacitance 
determined over a wide range of voltages. 


Resistance 


The instantaneous reverse resistance 
characteristic (*, versus v) of a typical cell, 
as obtained from the distance from the 
voltage axis to the center line of the re¬ 
verse loop, is shown in Fig. 6. This 
characteristic was found to be essentially 
independent of the frequency of the recti¬ 
fied sinusoidal voltage applied. This 
was determined by varying the a-c source 
frequency and observing the reading of a 
d-c meter in series with the cell while 
keeping the peak reverse voltage across 
the cell constant. Over a frequency 
range from 60 to 1,000 cps, the current 
read varied less than 5 per cent. It is 
to be noted, however, that no good corre¬ 
lation was found between this reverse 
resistance characteristic of a cell and 
t hat measured using pure direct current. 

It thus appears that, with respect to its 
electrical properties, a selenium rectifier 
cell may be represented, for many pur¬ 
poses, by a nonlinear capacitance in 
parallel with a nonlinear resistance, the 
values of both parameters being functions 
of the instantaneous voltage across the 
cell. Furthermore, over a very consider¬ 
able frequency range, these parameters 
may be considered invariant with the fre¬ 
quency of the voltages to which the cell 
is subjected. On this basis, and with 
typical values of the parameters in mind, 
more careful and accurate consideration 
may be given operation of selenium recti¬ 
fiers in the circuits in which they find use. 


In the following parts of this paper 
several methods of rectifier testing will be 
discussed in this light. 

The “Static” Test Circuit 

This test involves the application of a 
full-wave rectified sinusoidal voltage to 
the cell in the reverse direction and the 
metering of the average current with a 
d-c meter. This is precisely the circuit 
of Fig. 1(A) and results in rectifier opera¬ 
tion as shown, for example, in Fig. 2. 
As pointed out previously, the capacitive 
component of current averages to zero over 
a cycle, and the meter therefore indicates 
the average resistive leakage current 
under the voltage conditions imposed. 

The bleeder resistor seen on the d-c 
side of the full-wave bridge supply of 
Fig. 1(A) is a very essential part of the 
test circuit since it provides a path for 
the forward, discharging capacitive cur¬ 
rent during the latter part of each cycle. 
In the absence of this path the voltage 
wave form across the cell under test would 
be distorted due to the retarded discharge 
of the cell capacitance. This situation 
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Fig. 6. Instantaneous resistive leakage current 
of a selenium cell as a function of instantaneous 
cell voltage 
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is, of course, aggravated by the rather 
large differential capacitance exhibited 
at low voltages. 

The method of measurement of re¬ 
verse voltage applied in the test also de¬ 
serves careful consideration because of the 
nonlinear nature of the resistive charac¬ 
teristic of the rectifier. Measurement of 
the a-c source voltage outside the full- 
wave supply bridge is hardly adequate for 
accurate testing because of voltage drops 
in the bridge and in the leakage current 
meter, etc. Measurement of the average 
applied voltage by a d-c meter connected 
directly across the cell, and properly ac¬ 
counting for the current drawn by the 
meter, may be adequate provided little 
distortion is present in the voltage wave 
form due to the cell capacitance and im¬ 
pedances in series with the cell. The 
presence of sizable series resistances in 
the circuit can result in serious inconsist¬ 
encies in the test results. Due to the 
nature of the nonlinearity of the reverse 
resistance characteristic, the major con¬ 
tribution to the average resistive leakage 
current measured is from the region of 
operation at and near the peak reverse 
voltage; it is essential, therefore, that the 
same peak value of voltage be applied to 
all cells if comparable average resistive 
leakage currents are to be measured. 
The relatively large current flowing in 
the circuit during the periods of high in¬ 
stantaneous reverse voltages, especially 
if a poor cell is under test, may because 
considerable voltage drops to appear 
across such series resistances, resulting 
in the voltage wave form applied to the 
cell being flat-topped. Thus, if the aver¬ 
age voltage is maintained the same for all 
cells, leakier cells will be subjected to 
lower peak voltages than less leaky ones, 
and will thus display lower values of re¬ 
sistive leakage current than they would 
in a truly comparable test. 

Because of the sensitivity of the average 
resistive leakage current to the peak value 
of applied voltage, a greater degree of 
consistency in the test may be achieved 
by measuring the peak value of the volt¬ 
age. This has been done in the tests 
described in the previous sections using 
the scheme shown in Fig. 1(B); here the 
large capacitor charges to the peak value 
of the reverse voltage and the capacitor 
voltage is read by the high resistance d-c 
meter connected across it. 

No 1-to-l correspondence exists be¬ 
tween the accuracy of any voltage meas¬ 
urement and that of the leakage current 
measurement as would be the case with a 
linear element under test; this is particu¬ 
larly true when the differential reverse 
resistance ( dv/di T ) attains a relatively low 




Fig. 7. A—instantaneous cell operation in 
the dynamic test circuit. B instantaneous 
cell operation with typical magnetic-amplifier 
applied voltage wave form 


value at the peak voltage applied in the 
tests. In several tests of poorer cells a 
few per-cent change in the peak reverse 
voltage produced a 100-per-cent change 
in the average resistive leakage current 
measured. 

Summarizing, care must be exercised 
in conducting this type of test to insure 
the application of undistorted rectified 
sinusoidal voltage to all cells tested, and 
the voltage applied must be accurately 
determined if consistent results are to be 
attained. The test yields the average 
resistive leakage current under the volt¬ 
age conditions imposed but it gives no 
information as to the instantaneous 
values of the total current passed by the 
cell. 

The “Dynamic” Test Circuit 

In this test the cell is operated as a half¬ 
wave rectifier feeding a resistive load, as 
shown in Fig. 1(C). The current passed 
by the cell is split into two branches, all 
current in the forward direction of the 
cell flowing in one branch and all current 
in the reverse direction flowing in the 
other. The average forward current and 
the average dynamic leakage current are 
measured by d-c meters in the respective 
branches. 

In this circuit the current which the 
cell passes in the reverse half-cycle after 
the capacitive component causes the 
total current to go positive does not flow 


through the leakage current meter but j 
flows instead in the forward current j 
branch and its meter. This is illustra¬ 
ted in Fig. 7(A) which shows a reverse 
operating loop and instantaneous volt¬ 
ages and currents for the same 2-inch by 
2-inch cell used for Fig. 2 operating in 
the dynamic test circuit. The current 
shunt in this case was placed in the re¬ 
verse current branch in series with the 
leakage current meter; thus the oscillo¬ 
graph shows only the part of the loop 
traversed during the portion of the cycle 
in which this branch is carrying the cur¬ 
rent. The loop observed is seen to be 
essentially the portion below the voltage 
axis of the loop observed in the static 

test; the current trace shows the duration 

of current flow in the reverse current 
branch to be only slightly greater than a 
quarter cycle, as explained before. 

The switching of the current path re¬ 
sults in a net contribution to the average 
dynamic leakage current by the capaci¬ 
tive component since the leakage meter 
seesthe entire charging current-time inte¬ 
gral of the cell capacitance but only a 
very small portion of the discharging 
current-time integral (if the resistive 
leakage component were zero, the current 
read by the leakage meter would actually 
be the charging current alone averaged 
over a cycle). For typical cells tested 
the capacitive contribution to the aver¬ 
age dynamic leakage current measured at 
60 cps is of the order of three to four times 
the resistive contribution as deduced from 
static tests, depending on the peak re¬ 
verse voltage applied; at 400 cps the 
ratio may be as high as 15 to 1 if reduced 
voltage is used in the tests. 

The presence of the large capacitive 
component in the current measured re¬ 
sults in a strong dependence of the aver¬ 
age dynamic leakage current upon the a-c 
frequency used; in fact, if the resistive 
component were negligible compared to 
the capacitive component, which is ap¬ 
proached in the case of good cells operat¬ 
ing at reduced voltages, the leakage 
measured by this method would increase 
linearly with frequency. 

The same problems regarding the meas¬ 
urement of the reverse voltage applied to 
the cell are encountered in this test as in 
the static test The sensitivity of the 
leakage measurement to the peak applied 
voltage is reduced in this case, however, j 
because of the addition of the large capac¬ 
itive component of current to the sensi¬ 
tive resistive component. Distortion of 
the reverse voltage wave form applied in 
this test due to slow discharging of the 
cell capacitance may result if very high 
values of load resistance are used (or if 
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e. thus *!i}f t»l» ii1 upon the cell -m* used 
ut the tot watt! ml tent rectifier even 
though tin re-d live leakage may he low 
, n «uv;h to have an hr tgiiiheaut effect 
ujy it the measurement;. this has I evil 
noted in the jardmit.as testing of veils 
\»i mean • >4 the- tiretiit » hu solution 
i>, to tea* »» all t a e ■ the same cell ‘-be tit 
the fofwaid cut rent blanch as in the reeti- 
tirt untier tet; this dnuld at least give a 
eon a tent te nf wit hill each fell M*e 
MHUMMI bitty. the leakage measurement 
of the flviuMute (»' i e h •« sensitive to 


variations in the peak reverse voltage ap¬ 
plied to the cell; however, consideration 
must be given the effects upon the test 
of the rectifying elements used in separat¬ 
ing forward and reverse current. The 
test yields, ideally, the average value over 
a cycle of all current passed in the re¬ 
verse direction bv the cell under test. It 
therefore gives a leakage measurement 
which is. in general, more dependent upon 
the capacitive characteristics of the cell 
than its resistive characteristic; for this 
reason no direct correlation exists be¬ 
tween the leakage measured by the dy¬ 
namic test anti that measured by the static 
test, even though the operation of the 
tested rectifier in the reverse direction 
is essentially the same in both cases. 

Operation with a Typical Magnetic- 
Amplifier Reverse Voltage Wave 
Form 

To illustrate the effect upon the opera¬ 
tion of the cell of reverse voltage wave 
forms which may be encountered in mag¬ 
netic amplifier applications, the data 
shown in solid line in Fig. 7(b) were ob¬ 
tained by applying to the cell the output 
voltage of a bridge-type magnetic ampli¬ 
fier. Note particularly the large spike of 
reverse current and consequent wide 
swing of the operating loop during the 
steep rise of applied voltage, indicating 
the relatively low impedance exhibited 
by the cell during this brief interval. 
Shown in dashed line for comparison are 
data for the same cell with a full-wave 
rectified sinusoidal applied voltage with 
the -.ante peak value. In this example the 


significance of the applied reverse voltage 
wave form and the capacitive properties 
of the cell are readily apparent. It is 
expected that a recognition of the full 
significance of the instantaneous reverse 
characteristics of selenium rectifiers as 
they affect magnetic-amplifier perform¬ 
ance will be made possible by an aware¬ 
ness of these characteristics in conjunc- ' 
tion with the continually improving under¬ 
standing of the operating mechanism of 
magnetic-amplifier circuits. 

Conclusions 

The electrical properties of selenium 
rectifiers in the reverse direction may be 
conveniently represented by an equiva¬ 
lent parallel combination of a nonlinear 
resistor and a nonlinear capacitor for 
many engineering purposes. Both the 
resistance and the differential capacitance 
show a decreasing trend 1 with increasing 
reverse voltage while, to a good approxi¬ 
mation, both parameters may be con¬ 
sidered independent of the frequency of 
applied voltage. 

In critical applications, the existence 
of both resistive and capacitive effects 
must be recognized and their magnitudes 
and variations considered if a realistic 
understanding of the rectifier operation 
and its effect upon the remainder of the 
circuit is to be had. This applies equally 
well to rectifier test circuits since the 
leakage quantity measured may be 
greatly influenced by these effects. 

—-- 
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describes a new method of increasing the sensitivity 
of the torque in moving-coil galvanometers. A 
unit employing light beam, photocell, and servo is 
suggested. 

60. Advanced Engineering Research Study 
of High Ffrbqubncy Communication Methods, 
Murray G. Crosby. Crosby Laboratories, Mineola, 
N. Y., March 31, 1950 (final report), 50 pp. Study 
of sky-wave propagation. 

61. Boundary-Displacement Magnetic Re¬ 
cording, H. L. Daniels. Electronics, vol. 25, April 
1952, pp. 116-20. Description of boundary-dis¬ 
placement recording. Since almost the entire re¬ 
cording medium is saturated at all times, the non- 
linearities of the medium do not affect the output 
linearity. Noise is reduced and bias level is not 
critical. Zero-signal noise is comparable to d-c 
saturation erasing, but dynamic range approaches 
that obtained by high-quality supersonic bias. 

62. The Use of Magnetic Wire Recording in 
the FM-FM Telemetering System, Fred H. 
Davis. Frank W. Lehan. CIT/JPL Memorandum 
4-44, California Institute of Technology, Pasadena, 
Calif., Sept. 27, 1948, 11 pp. A wire recorder was 
used to monitor frequency-modulated-frequency- 
modulated system by recording signal before sepa¬ 
rating subcaniers. Curves show frequency re¬ 
sponse of Magnecorder SD-IF with parameters of 
head cleanliness, fading due to wire twist, and tape 
speed. 

63. Electrostatic Storage Tube, S. H. Dodd, 
H. Klemperer, P. Youtz. Electrical Engineering, 
vol. 69, Nov. 1950, pp. 990-95. 

64. Magnetic Recording of Sound by Pulse 
Coding, Ladislav Dolansky. M. S, Thesis, 
Massachusetts Institute of Technology, Cambridge, 
Mass., May 1948. Design of playback apparatus 
for 7-digit pulse-coded audio up to 25 kc. Three 
different decoders described. Elementary discus¬ 
sion of magnetic recording and its errors. Bib¬ 
liography. 

65. Automatic Data Reduction, Erwin Donath. 
Applied Science Corporation of Princeton, Prince¬ 
ton, N. J., Dec. 1951,10 pp. Description and block 
diagrams of MADAM, automatic telemetering data 
reduction equipment. 


66. New Electromechanical System Provides 
Fast Access to Punched Card Data Files, 

J. H. Drillick. Product Engineering, vol. 22, Oct. 
1951, pp. 176-78. Punched card random access 
memory with high storage capacity. 

67. Elbktrischb Fbrnuebbrtragungs-und Rb- 
chrnschaltungen (in English), Drodofsky. Re¬ 
port F-TS-3092RE, Air Materiel Command, Wright 
Field, Dayton, Ohio, Jan. 1948, 6 pp. Electric cir¬ 
cuits for telemetering and computing. Basic 
Wheatstone bridge circuits and their accuracy con¬ 
siderations. Telemetering example. 

68. The Kodak Digital Reader-Recorder, 
Model A. Eastman Kodak Company, Rochester, 

N. Y., June 1950, 20 pp. Equipment instruction 
book primarily for operator and maintenance man. 

26 digits per line in “O’* and “1” representation, or 
50 bits per line. Maximum reading rate 2,000 lines 
per second. There are 100 lines per inch. 

69. Kodak Films. Eastman Kodak Companyi 
Rochester, N. Y., 1951, 5th ed., 64 pages. (Kodak 
Data Book Series) Characteristics of Kodak films 
and an introductory, section explaining their signi¬ 
ficance. 

70. Kodak Linagraph Papbrs and Films for 
Instrument Recording. Eastman Kodak Com¬ 
pany, Rochester, N. Y., April 1952, 4 pp.. Con¬ 
tains H and D curves, and spectral sensitivities of 
six papers and five films. 

71. Counter Circuits Using Transistors, E. 
Eberhard, R. O. Endres, R. P. Moore. RCA Re¬ 
view, vol. 10, Dec. 1949, pp. 459-76. Excellent 
paper on various transistor circuits. One-shot 
and free-running multivibrators, counting circuits, 
etc. Shows bistable stage using single transistor. 
Gives circuit constants and circuit operating limi¬ 
tations: speed, stability with supply voltage, trig¬ 
ger voltage, temperature, and age variation. 
Design information for all circuits and design equa¬ 
tions for single transistor, bistable circuit. 

72. The IBM Pluggable Sequence Relay Cal¬ 
culator, W. J. Eckert. Mathematical Tables and 
Other Aids to Computation, vol. 3, July 1948, pp. 
149-61. Machine description including relay stor¬ 
age registers and card punching facility. 

73. High Resolution Recording with Soot, 
K. R. Eldredge. Review of Scientific Instruments, 
vol. 21. March 1950, pp. 199-202. Soot coating 
with hydrocarbon solvent permits a resolution of 
500 lines per centimeter with a recording force of 1 
milligram, and a coefficient of friction less than one. 
Line width about 10 microns. Article describes 
preparation of soot surface and the stylus require¬ 
ments. 

74. Automatic Flight-Research Instrumen¬ 
tation of the Single-Seater Fighter, S. B. 
Elggren. Instruments, vol. 18, Jan. 1945, pp. 2-9, 
44. Primarily a paper on instrumentation. Air¬ 
borne recording. 

75. A Sensitive Photographic Recorder, A. 
Elliott, E. J. Ambrose. Journal of Scientific Instru¬ 
ments, vol. 24, Dec. 1947, pp. 324-25. Photo¬ 
graphic recording of micrometer deflection. 

76. Storage and Switching, A. G. Emslie. 
Quarterly Progress Report 1, Williams College, 
Williams town, Mass., April 11, 1950, 11 pp. Sur¬ 
vey of storage devices. Analogue and digital repre¬ 
sentation are compared. Examples of storage and 
channel capacity use e (2.718) as base for unit of 
information. 

77. Storage and Switching, A. G, Emslie. 
Progress Report 2, Williams College, Willamstown, 
Mass., Sept. 12, I960, 20 pp. Comparison of stor¬ 
age media capable of storing 10* words having 100 
digits per word with 1-microsecond access time. 
Volume must be limited. After considering multi¬ 
vibrators, Williams tubes, and transistors, author 
concludes that goal may be reached with tube hav¬ 
ing a metallic mosaic storage surface. 

78. High-Speed Computing Devices (book), 
Engineering Research Associates Staff. McGraw- 
Hill Book Company, New York, N. Y., 1950. A 
comprehensive treatment of the basic components 
of computers and their application. Fundamentals 
of machine computation and numerical analysis are 
given. Chapter 14 surveys storage media; chapter 
15, data converters. Bibliography. 

79. Summary of Characteristics, Magnetic 
Drum Binary Computer. Report PX 29201, 
Contract CST-I0133, Engineering Research Asso¬ 
ciates, Inc., Saint Paul, Minn., Nov. 30, 1948, 36 
pp. A proposal for a new computer describing the 
functional components, computing characteristics 
including order codes and operating time, and some 
maintenance information. 


80. The Storage of Information, P. M. Erland- 
son. Report JHU/APL/CF-1339, University of 
Texas, Austin, Tex., Oct. 1, 1949, 17 pp. Com¬ 
parison of data storage to information transmission 
process. Very general, philosophical treatment. 

81. Telemetering and Direct Frequency 
Measurement, Paul M. Erlandson. Tele-Tech, 
vol. 11, Oct. 1952, pp. 52-53, 86-88; vol. 11, Nov. 
1952, pp. 62-63, 114-116, 118. Introductory sur¬ 
vey paper. Pt. I compares various modulation sys¬ 
tems. Pt. II describes various methods for measur¬ 
ing frequency. 

82. An Accurate Digital Analogue Function 
Generator, W. A. Farrand. Proceedings, Elec¬ 
tronic Computer Symposium, May 1952, pp. XVI: 
1-9. Description and block diagram of a 3-speed 
servo which obtains sampled digital information for 
each speed in time sequence. . Digital bits are de¬ 
coded in resistor matrix. Velocity servo provides 
intermediate output values between samples. 

83. Bandwidth and Transmission Perfor¬ 
mance, C. B. Feldman, W. R. Bennett. Bell Sys¬ 
tem Technical Journal, vol. 28, July 1949, pp. 490- 
595. 

84. A Magnetic Tape Recording System for 
Precision Data, L. L. Fisher. Proceedings, Insti¬ 
tute of Radio Engineers, vol. 41, March 1953, p. 
424. Abstract of paper describing recording of 
0-6,000-cycle range by frequency-modulation tech¬ 
nique. 

85. A New Coding System for Pulse-Code 
Modulation, A. G. Fitzpatrick. Proceedings, 
Institute of Radio Engineers, vol. 41, March 1953, 
p. 426. Abstract of paper describing system of 
sampling, quantizing, and coding by two simple 
special-purpose tubes and minimum of circuitry. 
Sampling by beam-deflection tube with ten outputs. 
Quantizing-coding tube has ten controllable beam 
positions each with parallel binary-coded output. 

86. Electronic Machines for Business Use, 
W. B. Floyd. Electronics, May 1950, vol. 23, pp. 
66-69. Computers versus business office machines. 
Data handling and operating requirements. 

87. A Transistor Optical Position Encoder 
and Digit Register, H. G. Follingstad et al. Pro¬ 
ceedings, National Electronics Conference, vol. 8, 
1952, pp. 766-75. Description and block diagram 
of linear shaft position coder using code slide and 
photo cells actuated by flash tubes. Circuit for 
pulse regeneration and cyclical-to-straight binary 
code converter. 

88. Data Storage in Three Dimensions, Jay 
W. Forrester. Whirlwind Memorandum M-70, 
Massachusetts Institute of Technology, Cambridge, 
Mass., April 29, 1947, 6 pp. Short outline of 3- 
dimensional storage using glow discharge as non¬ 
linear impedance element. Gives broad, prelimi¬ 
nary principles. 

89. Digital Information Storage in Three 
Dimensions Using Magnetic Cores, Jay W. 
Forrester. Journal of Applied Physics, vol. 22, 
Jan. 1951, pp. 44-48. 

90. Fluorescent and Other Gaseous Dis¬ 
charge Lamps (book), William E. Forsythe, Elliot 
Q. Adams. Murray Hill Books, Inc., New York, 
N. Y., 1948. Exhaustive treatise on the physics 
and engineering of fluorescent lamps. First two 
chapters treat the theory of light and radiation and 
the discharge through gasses. 

91. Measurement of Radiant Energy (book), 
William E. Forsythe, editor. McGraw-Hill Book 
Company, Inc., New York, N. Y., 1937. 

92. Spectral Characteristics of Photographic 
Light Sources, William E. Forsythe. Journal, 
Photographic Society of America, vol. 8, Oct. 1942, 
pp. 374-84. General discussion of topic with ex¬ 
tensive reference to and data of photoflash lamps. 
Graphs of the effects of applied voltage variation on 
the light output and color temperatures. 

93. The Metrotype System of Digital Re¬ 
cording and Telemetering, G. E. Foster. Elec¬ 
trical Engineering, vol. 69, May 1950, pp. 427—30. 
Equipment description for power application. 
Sampling time 0.8 second. Quantizing by pulse 
counter and phantastron. 

94. The Numbroscofe, Harrison W. Fuller. 
Symposium on Large-Scale Digital Calculating 
Machinery, Harvard University Press, Cambridge, 
Mass., 1948, pp. 238-47. Description of an output 
device where decimal digits are formed on cathode- 
ray tube and photographed. Detailed explanation 
of number formation on cathode-ray tube. 

95. Communication Theory and Physics, D. 
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Gabor. Philosophical Magazine, Nov. 1950, vol. 
41, pp. 1161-87. 

96. L’Enreoistrement Maqniitique Sonore, 
Francois Gallet. L’Onde jilectrique, Nov. 1950, vol. 
30, pp. 449—57. General paper on magnetic sound 
recording giving usual theoretical background. 
Crosstalk from magnetization of two adjacent wires. 
Coated and impregnated tapes are considered. 
English summary is in Science Abstracts, 1951, vol. 
54-B, no. 1520, p. 208. 

97. Coincidence Detectors for Binary Pulses, 
Clarence Gates. Proceedings, Institute of Radio 
Engineers, vol. 41, March 1953, p. 426. Abstract 
only. 

98. Manufacturer’s Uniform Specification 
for Special Oscillograph. Report O.S. 4825, 
Contract NOrd 10821, General Electric Company, 
Schenectady, N. Y., Jan. 22, 1952. 

99. PM17D5 Oscillograph Characteristics. 
General Electric Company, Lynn, Mass. 

100. Pulse Width Discriminator, A. A. Ger- 
lach, D. S. Schover. Electronics, June 1951, vol. 
24, pp. 105-07. 

101. Problems Involved in Magnetic Tape 
Recording, Norman E. Gibbs. Proceedings, 
Electronic Computer Symposium, May 1962, pp. 
HI: 1—14. Study of causes of pulse dropouts and 
some corrective measures. Block diagram of test 
equipment. 

102. Zur Lichtemission stromstarkbr Fun- 
kbnentladungen, G. Glaser. Optik, vol. 7, 
1950, 33-53, 61-90. Light emission from high 
current spark discharges. 

103. Notes on Digital Coding, M. J. E. Golay. 
Proceedings, Institute of Radio Engineers, vol. 37, 
June 1949, p. 657. 

104. Television by PCM, W. M. Goodall. Bell 
System Technical Journal, vol. 30, Jan. 1951, pp. 
33-49. Describes special features of a pulse code 
modulation system suitable for television. Signals 
are sampled from code tube at 10-megacycle rate, 
transmitting five digits of cyclical code in parallel. 
Shows pictures of test results with variation of digits 
and noise. 

105. Multi-Stable Magnetic Memory Sys¬ 
tems, John D. Goodell, Tenny Lode. Proceedings, 
National Electronics Conference, vol. 7, 1951, pp. 
378-79. Short note suggesting magnetic intensity 
modulation recording with counting pulses as out¬ 
put. No details are given. 

106. Past, Present and Future Recording 
Systems, John D. Goodell. Radio and Television 
News, vol. 45; Radio-Electronic Engineering, vol. 
1(1, May 1951, pp. 11-13A, 27A. Review of con¬ 
cepts that may lead to superior recording systems. 
Four basic media; physical, chemical, magnetic, 
and clectrostutic. Application to computers. 
Area, intensity, parallel, and series recording. 

107. Design of Apparatus for Speech Stretch¬ 
ing, G. T, Gould. Technical Data Digest, vol. 16, 
May 1951, pp. 14-19. 

108. A Proposal for a Binary Adder Tube 
Utilizing Beam-Deflection Principles, D. H. 
Gridley. Report 3802, Naval Research Laboratory, 
Washington, D. C., Jan. 25, 1951, 6 pp. Prelimi¬ 
nary description of dual-beam tube capable of act¬ 
ing as arithmetic clement. One tube required per 
binary digit. 

109. Pulse-Count Modulation, D. D. Grieg. 
Electrical Communication, vol. 24, Sept. 1947, pp. 
287-90. Almost identical to reference 110. 

110. Pulse-Count Modulation System, D. D 
Grieg. Tele-Tech, vol. 0, Sept. 1947, pp. 48-52, 
98. General description of pulse count modulation 
transmitting-receiving system. Equations are 
given for quantization distortion, time sampling 
distortion, bandwidth signal-to-noise ratio, and 
threshhold and other design relations. Quantiza¬ 
tion is accomplished by pulse width modulation, 
counting of corresponding pulses in straight binary 
counter. Bibliography. 

111. A Binary Quantizer with a Resolution of 
One Part in a Tiiousand, Julian E. Gross. 
M.S. Thesis, Massachusetts Institute of Tech¬ 
nology, Cambridge, Mass., May 1951, 56 pp. A 
coarse-fine quantizer. Ten binary digits, One 
thousand samples per second, 12 clock pulses are 
counted for five most significant digits. Interval 
between lust clock pulse and coincidence pulse 
stretched by 32 times and counted aguiu. Detail 
tests of comparator accurate to 0.1 volt and time 
amplifier which multiplies by 32. Comparator is 
based on multiar circuit. 


112. Die Wechsblbbziehungen zwischen Mag- 
nbttonband und Ringkopf bbi der Wibder- 
gabr, Walter Guckenburg. Funk und Ton, vol. 4, 
Jan. 1950, pp. 24-33. Interaction between mag¬ 
netic tape and reproducing head. Quantitative 
treatment of effects of self-demagnetization, gap in 
head, etc. Six references to German literature. 

113. Miniaturization of Neon Tubes for 
Digital Recorders, Norman R. Gunderson, G. P. 
Wilson. Progress Report 2, TM 687, United States 
Naval Ordnance Test Station, Inyokem, Calif., 
July 1952, 26 pp. Details of experiments and 
equipment to develop a neon tube for photographic 
recording. Tube is about 1 inch long and 0.05 inch 
in diameter. Construction details of various tube 
types and their difficulties. Time variation of tube 
characteristics. Tubes were capable of operation 
at 20 kc with 180-volt peak potential. 

114. Miniaturization of Neon Tubes for 
Digital Recorders, Norman R. Gunderson. 
Progress Report 3, TM 1262, United States Naval 
Ordnance Test Station, Inyokern, Calif., Feb. 24, 
1953, 9 pp. Final report of project to develop 
small neon bulbs with low striking voltage. Con¬ 
struction details of tube with striking potential 
below 100 volts. 

115. A Head for Static Reading op Magnetic 
Recording, Donald H. A. Hageman. M.S. Thesis, 
Massachusetts Institute of Technology, Cambridge, 
Mass., June 1961, 102 pp. Description of design of 
a reading head which measures flux by the change 
of permeability of the core when flux from the tape 
passes through it. Theory of static reading. De¬ 
sign and construction details. Test apparatus and 
procedures. Experimental results. Bibliography. 

116. Spin Echoes, E. L. Hahn. Physical Review, 
vol. 80, Nov. 15,1950, pp. 580-94. Description and 
analysis of nuclear spin systems. Echo patterns 
might be suitable for storing information very 
closely. 

117. Versatile, Inklbss, Multichannel Re¬ 
corder, D. W. Halfhill. General Electric Review, 
vol. 52, Nov. 1949, pp. 39-42. 

118. Error Detecting and Error Correcting 
Codes, R. W. Hamming. Bell System Technical 
Journal, vol. 26, April 1950, pp. 147-60. “Syste¬ 
matic” error correcting codes are developed. A 
theory of error checking and error correcting codes 
is developed based upon an n-dimension unit cube. 
Formulas and tables are given for selection of opti¬ 
mal codes, which have minimum redundancy for a 
desired checking and correction feature. 

119. The Principles of Optics (book), Arthur 
C. Hardy, Fred H. Perrin. McGraw-Hill Book 
Company, New York, N. Y., 1st ed., 1932. Stand¬ 
ard textbook containing chapter on characteristics 
of photographic materials. 

120. Analysis of Errors in a Phase-Shift 
Angle Telemetering System, John V. Harring¬ 
ton. CPS Report E 5027, United States Air Force, 
Air Materiel Command, Cambridge, Mass., Nov. 
1948, 33 pp. Analysis of errors from various 
sources in a phase-shift modulated system to trans¬ 
mit angle data. Principal error source is non¬ 
linearity of transmission system. 

121. A Five-Digit Parallel Coder Tube, 
John V. Harrington, K. N. Wulfsberg, G. R. 
Spencer. Proceedings, Institute of Radio Engi¬ 
neers, vol. 39, March 1951, p. 306. One-para¬ 
graph abstract of paper proposing cyclic coding pat¬ 
tern on cathode-ray tube using material of high 
secondary emission ratio. 

122. Proceedings of a Symposium on Large- 
Scale Digital Calculating Machinery (book), 
Harvard University Press, Cambridge, Mass., 
1948. (Vol. 16 of the Annals of the Computation 
Laboratory of Harvard University.) Thirty-four 
papers on computers covering: description of exist¬ 
ing machines, computer logic, storage devices, nu¬ 
merical methods, coding, and input-output devices. 

123. Bibliography: Counting Circuits and 
Secondary Emission, Monica Healea. Nu¬ 
cleonics, vol. 2, March 1948, pp. 66-74. Many 
titles applicable primarily to atomic physics. No 
abstracts. 

124. Some Distinctive Properties of Mag¬ 
netic-Recording Media, R. Herr, B. F. Murphy, 
W. W. Wetzel. Journal, Society of Motion Picture 
Engineers, vol. 52, Jan. 1949, pp. 77-88. Experi¬ 
mental results showing the effect of bios adjust¬ 
ment on distortion, frequency response, overload 
characteristics, and permanency^ : Curves of spac¬ 
ing loss are given. Tape noise is discussed. 

125. Miniature Airborne Telemetering Sys¬ 


tem, H. M. Hill, Jr. Tele-Tech, vol. 11, Dec. 1952, 
PP. 68-72, 84, 86, 90, 94, 96. Equipment descrip¬ 
tion and block diagxam discussion. Comparison 
of frequency modulation, amplitude modulation, 
and pulse modulation and their effects on radio fre¬ 
quency power and bandwidth requirements for 
given signal-to-noise ratio. 

126. Radio Telemetering, G. L. Hinkley. 
Electronic Engineering, vol. 21, June 1949, pp. 209- 
11, 223. Introduction to telemetering covering 
briefly choice of modulation method, multiplexing, 
and carrier frequency. Bibliography. 

127. Factors Governing the Choice of a 
Number Base for Use in a Digital Computer, 
G. W. Hobbs. Report TR 55413, General Electric 
Company, Schenectady, N. Y., June 7, 1949, 20 
pp. Number theory is used to derive most efficient 
number bases, mixed and simple, for data writing 
and for arithmetic operations. 

128. Developments in Magnetic Recording, 
P. T. Hobson. Electronic Engineering, vol. 19, 
Dec. 1947, pp. 377-82. 

129. Crystal Counters, Robert Hofstadter. 
Nucleonics, vol. 4, April 1949, pp. 2-27; vol. 4, 
May 1949, pp. 29-43. This is not a counting cir¬ 
cuit. 

130. Crystal Counters, Robert Hofstadter. 
Proceedings, Institute of Radio Engineers, vol. 38, 
July 1950, pp. 726-40. 

131. Bibliography on Data Storage and Re¬ 
cording, Gerhard L. Hollander. Technical Memo¬ 
randum No. 8, Massachusetts Institute of Tech¬ 
nology, Servomechanisms Laboratory, Cambridge, 
Mass., Feb. 24, 1953. Preliminary, shorter version 
of this bibliography. 

132. Criteria for the Selection of Analogub- 
to-Digital Converters, Gerhard L. Hollander. 
Proceedings, National Electronics Conference, vol. 
9, 1953. Classification of analogue-to-digital con¬ 
verters for voltages into ten groups by method of 
operation. Included arc a block diagram for each 
group and equations relating the approximate space 
requirements, sampling speed, and precision of each 
converter. 

133. Dioital Data Recorder, Gerhard L. Hol¬ 
lander. Technical Memorandum 6897-TM-12, 
Massachusetts Institute of Technology, Servo¬ 
mechanisms Laboratory, Cambridge, Mass., 1953, 
180 pp. Block diagrams of a recorder capable or 
storing with 0.5-per-cent precision two channels of 
1,000-cycle bandwidth and six channels of 200-cycle 
bandwidth. Its operating time is 8 minutes; 
maximum volume specification, 500 cubic inches. 
The results of a study to store maximum infor¬ 
mation in minimum space are appended. Detailed 
treatment of basic concepts of data recording, ana¬ 
logue-to-digital converters, photographic film and 
magnetic tape storage. 

134. Recording and Storing of Information, 
Gerhard L. Hollander. Thesis, Massachusetts 
Institute of Technology, Cambridge, Mass., May 
1953, 180 pp. Essentially identical to reference 
133. 

135. An Evaluation of the Application of 
New and Old Techniques to the Improvement 
of Magnetic Recording Systems, Lynn C. 
Holmes. Proceedings, National Electronics Con¬ 
ference, vol. 4, 1948, p. 46. One-paragraph ab¬ 
stract of paper presented. 

136. Investigation of Magnetic Recording 
Systems, Lynn C. Holmes. Project RGE-9017, 
Stromberg-Carlson Company, Rochester, N. Y., 
May 2,1949, 240 pp. Results of study to find mag¬ 
netic recording methods having higher frequency 
response, better transient rise time, higher signal-to- 
noise ratio, lower distortion. Detailed description 
of all test equipment built—70 pp. Comparison of 
magnetic recording media and heads. Detailed 
results of tests to find and evaluate factors limiting 
frequency response, signal-to-noise ratio, distortion 
—100 pp. 

137. Supersonic Bias for Magnetic Record¬ 
ing, Lynn C. Holmes, D. L. Clark. Electronics, 
vol. 18, July 1945, p. 126. 

138. A Preliminary Investigation of Tran¬ 
sistors por Computer Circuits, William P. 
Horton, Robert M. Kalb. Contract NObsr-42001. 
Engineering Research Associates, Saint Paul, Minn 
Oct. 7, 1949, 28 pp. Brief treatment of transistor 
circuits and their equivalents. Experimental 
evaluation of a few transistors. Some of the results 
differ from expected values. 

139. Status of High-Speed Digital Computing 
Systems, Harry D. Huskey. Mechanical Engineer - 
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i«C. vol. 70. Dec. 1948. pp. 975-78 The various 
elements of computers including “ternai and »n 
ternal memories. Speed and storage capacity of all 
types of memories mentioned. Bibliography. 

140. Nonlinear Coil Generators op Short 
Pulses, L. W. Hussey. Proceedings, Institute ot 
Radio Engineers, vol. 38. Jan. 1950. pp. 40-44. 

141. Semiconductor Diode Gates, L. W. Hus¬ 
sey. Bell System Technical Journal, vol. 32, sept. 
1953, p. 1137. 

142. Novel Recording Accelerometer, A. S. 
Iberall. Review of Scientific Instruments, vol. 20. 
April 1949, pp. 304-07. Small accelerometer ot 
slow chart speed. Spark recording. 

143 Coil Galvanometers with Some Novel 
Features, G. Ising. Arkiv fdr Matemattk, Astro- 
nomi och Fysik, vol. 36-A, paper no. 13, 1948. Ab¬ 
stracted in Science Abstracts, vol. 52-B, Feb. 1949, 
p. 58. High sensitivity galvanometer. 


144. Ein licktelektkisch gbstbubrtbr Fall- 
bOgelschreiber, Lothar JSger. Acta Phystca 
Austriaca, vol. 4, Dec. 1950, pp. 213-17. A photo- 
electrically controlled chopper-bar recorder. De¬ 
scribes recording mechanisms for use with reflecting 
instruments. 


145 Barrier-Grid Storage Tube and its Oper¬ 
ation, A. S. Jensen et al. RCA Review, vol. 9, 
March 1948, pp. 112-33. Exhaustive paper on 
barrier-grid storage tube. 

146. A Phase-Shift Transmission System for 
Rotational Data, E. A. Johnson. Technical Note 
25, Radar Research Development Establishment, 
Malvern, England, May 24,1948, 4 pp. 

147. Factors Affecting Spurious Printing in 
Magnetic Tapes, S. W. Johnson. Journal, So¬ 
ciety of Motion Picture Engineers, vol. 52, June 
1949, pp. 619-28. Test results of five types of tape 
to determine the "echo” effect as a function of time, 
temperature, and output levd of the original re¬ 
cording. 

148. Development of Magnet Wire, William 
R. Johnson, Max Hansen. Armour Research 
Foundation, Illinois Institute of Technology, Chi¬ 
cago, Ill., Feb. 17, 1950, 6 pp. (Final Report). 
Results of study of magnet-wire materials with the 
primary aim of developing a conductor with high 
conductivity and low-temperature coefficient of 
resistance. Results are negative. 


149. Spectral Distribution of Sensitivity of 
Photographic Material, L. A. Jones, Otto 
Sandrilc. Journal of the Optical Society of America 
and Review of Scientific Instruments, vol. 12, April 
1926, pp. 401-16. 


150. The “Filmgraph" Sound Recording Sys¬ 
tem, J. H. Jupe. Electronic Engineering, vol. 19, 
Dec. 1947, p. 389. One-page description of recorder 
making nonvolatile, eraseable recordings on film by 
indenting with a stylus. Lateral track width less 
than 0.003 inch. Response flat from 75-5,000 
cycles. Film speed 5 inches per second and 100 
tracks are possible on a single film. Unit capable of 
recording 300 hours, weighs 30 pounds. Operating 
cost considerably below steel or wax media. 

151. Recommended Programs for Improvement 
and Standardization of Computer Tubes, 
Joseph Kelar. Report PX 294S3, Contract NObsr- 
42001, Engineering Research Associates, Saint Paul, 
Minn., March 19, 1951, 6 pp. Short paper on need 
for better tubes. 


152. Data Recording on Magnetic Tape, Leo 
G. Killian. Electronic Industries and Electronic In¬ 
strumentation, vol. 2, April 1948, pp. 3-5,31. Sys¬ 
tem description and block diagrams of air-borne 
magnetic recorder capable of withstanding 75 g. 
Data is recorded by frequency modulation. 

153. Static Magnetic Memory for Low-Cost 
CoMPurBRa, M. Kincaid, J. M. Alden, R. B. Hanna. 
Electronics, vol. 24, Jan. 1951, pp. 108-11. 

154. A Ratio Quantizer, A. M. King, J. T. 
McLane, G, G. Myers. Report 4085, Naval Re¬ 
search Laboratory, Washington, D. C., Jan. 2, 
1953, 59 pp. Theory and block diagrams of divid¬ 
ing circuit. Division is performed by charging a 
central condenser by quanta of charges proportional 
to the two unknown voltages. A switching net¬ 
work selects charges from one or the other unknown 
to keep the voltage on the central condenser zero. 
The number of quanta from each unknown is 
counted. 

155. Rbpbller Storage Tube, H. Klemperer, 
J. T. DeBettencourt. Electronics, vol. 21 Aue 
1948, pp. 194-06. 


156. Pulse Generation and Shaping at Micro- 
wave Frequencies, W. A. Klute. Bell Labora¬ 
tories Record, vol. 29, May 1951, pp. 216-20. 

157. Storage Tubes and Their Basic Prin¬ 
ciples (book), M. Knoll, B. Kazan. John Wiley 
and Sons, New York, N. Y., 1952. 

158. Preparation and Characteristics of 
Magnetic Recording Surfaces, Edward D. 
Korhone et al. Contract NObsr-42001, Engi¬ 
neering Research Associates, Saint Paul, Minn., 
Jan. 7,1949,19 pp. Description and evaluation of 
surfaces prepared by spraying. Description and 
block diagram of test methods. For pulse densities 
between 50 and 100 pulses per inch, curves are given 
for resolution, signal strength at pickup head, and 
signal-to-surface-noise ratio. 

169. Frequency Response of Magnetic Re¬ 
cording, Otto Kornel. Electronics, vol. 20, Aug. 
1947, pp. 124-28. Discussion of magnetic proper¬ 
ties of recording medium such as demagnetization, 
penetration, gap effect, and tape velocity. De¬ 
scription of electroplated wire and powder-coated 
tape. 

160. Investigations of New Magnetic Re¬ 
cording Media, Otto Kornel et si. OSRD Report 
5325, Brush Development Company, Cleveland, 
Ohio, June 30,1945, 70 pp. Detailed report on de¬ 
velopment of new tapes. Details of materials and 
plating methods. Test equipment. 

161. Survey of Magnetic Recording, Otto 
Kornel. Symposium on Large-Scale Digital Cal¬ 
culating Machinery, Harvard University Press, 
Cambridge, Mass., 1948, pp. 223-37. Good quali¬ 
tative summary of magnetic recording phenomena. 
Frequency response curves of magnetic wire are 
analyzed graphically. Comparison of solid and 
powdered tapes. Bibliography. 

162. Trends and Developments in Magnetic 
Recording Heads, Otto Kornel. Brush Strokes, 
Brush Devdopment Company, Cleveland, Ohio, 
March 1952, pp. 1-7. Detailed design description 
of Brush types BK-I500 and BK-1300 recording 
heads. 

163. Ein Gbsbtz pur die SchwArzungsxurvbn 
bei Mischfarbbn. A. van Kreveld. Zeitschrift far 
wissenschaftliche Pholographie, Photophysik uni 
Photochemie, vol. 32, Jan. 1934, pp. 222-30. De¬ 
scribes a law concerning density curves due to mixed 
colors. Theoretical derivation and experimental 
verification that the densities due to two different 
light frequencies are additive at simultaneous expo¬ 
sure. Excellent paper. 

164. Das Photographischb Summbngbsetz und 
sbin Gultigkeitsbereich, A. van Kreveld. 
Physica, vol. 1, 1934, pp. 60-77. The summation 
law and its region of validity. Summary of the 
summation law. New generalization from addi¬ 
tional experimental data particularly as applied to 
the Schwarzschild-exponent and Soldberg’s sta¬ 
tistical law of grain sensitivity. 

165. KanalkapazitXt und Laufzeit. Karl Kilpf- 
mffller. Archiv der Eleklrischen Dberlragung, vol. 
6, July 1952, pp. 265-68. Shannon’s formula is 
approximately true only for transmission times 
greater than 20/bandwidth. A formula for 
channel capacity for finite transmission time is 
derived. Numerical results are presented In graphi¬ 
cal and tabular form. 

166. Cathode-Follower Gate Circuit, Jerome 
Kurshan. Review of Scientific Instruments, vol. 18, 
Sept. 1947, pp. 647-49. Circuits, design equations 
and procedure for a gate circuit using a dual-triode 
with common cathode load resistor. 

167. Limitations op Magnetic Tape, W. S. 
Latham. Audio Engineering, vol. 36, Sept. 1952, 
pp. 19-20, 68-69. The effect of tape imperfections 
and losses as a function of number of playbacks, 
up to 2,000. Microphotographs, oscillographs, and 
curves show enlarging of minor imperfection and 
effect of number of playbacks on frequency content 
of a given tape. High frequencies, above 100 
cycles, attenuate with replays, while below 50 
cycles they are actually boosted. 

168. A High Speed Electronic Curve Printer, 
John George Lawton. M.S. Thesis, Massachusetts 
Institute of Technology, Cambridge, Mass., 1951, 
106 pp. 

169. Ultra Speed Recording for Acoustical 
Measurements, C. J. LeBel, J. Y. Dunbar. 
Journal, Acoustical Society of America, vol. 23, 
Sept 1951, pp. 659-63. Methods of recording re¬ 
verberation decay characteristics by new ultraspeed 
technique; higher pen speeds. 

170. Noise Effects in FM-FM Telemetering, 


Frank W. Lehan. CIT/JPL Memorandum 4-47 
California Institute of Technology, Pasadena 
Calif., Feb. 14, 1949, 11 PP- Five-page text. 
Mathematical manipulation of noise and applica¬ 
tion to California Institute of Technology tele¬ 
metering system. 

171. Transistor Oscillator for Telemetering’ 
Frank W. Lehan. Electronics, vol. 22, Aug. 1949’ 
pp. 90-91. 

172. A Multi-Channel Oscillograph Utilizing 
Color Film, W. J. Lelss et al. Instruments, vol. 
20, Aug. 1947, pp. 709-11. Equipment description 
of a 6-channel oscillograph using mirror galvanom¬ 
eters with color filters and color film to separate the 
traces. 

173. High-Speed Information-Storage De¬ 
vices and Their Applications in Communication 
Engineering, A. J. Lephalds. Massachusetts In¬ 
stitute of Technology, Cambridge, Mass., Sept. 
1948,134 pp. (Electrical Engineering Department 
Seminar Series.) Detailed description of many 
flip-flops and counters, transmission line and 
cathode-ray tube storage. Extensive bibliography. 

174. Storage of Pulse Coded Information, 
A. J. Le phalds. M.S. Thesis, Massachusetts Insti¬ 
tute of Technology, Cambridge, Mass., 1949, 142 
pp. Description and comparison of various storage 
media as flip-flops, ultrasonic delay lines, storage 
tubes, and magnetic tapes and drums. Detailed 
description of final storage system using Massa¬ 
chusetts Institute of Technology tubes. 

175. A High-Precision Analog-to-Digital Con¬ 
verter, Bernard Lippel. Proceedings, National 
Electronics Conference, vol. 7, 1951, pp. 206—15. 
Description and some theoretical material on coding 
wheel using photocell pickup and cyclicnl code. 
Fifteen-digit wheel. Digital servo is mentioned. 

176. Interconversion of Analog and Digital 
Data in Systems for Measurement and Con¬ 
trol, Bernard Lippel. Proceedings, National 
Electronics Conference, vol. 8, 1952, pp. 636-46. 
Survey of analogue-to-digital and digital-to-ana- 
logue converters. Classification of coders and de¬ 
coders as counting, reading, and weighing types. 

177. A Systematic Survey of Coders and De¬ 
coders, Bernard Lippel. Convention Record, In¬ 
stitute of Radio Engineers, pt. 8, 1953, pp. 109-19. 
Paper classifying coders and decoders into three 
basic groups. 

178. A Systematic Survey of Coders and De¬ 
coders, Bernard Lippel. Proceedings, Institute of 
Radio Engineers, vol. 41, March 1953, p. 425. 
Abstract of reference 177. 

179. EXPOSfi SlMPLIFlfi DB LA TufiORIB INFOK- 
mationbllb de Shannon en Vue de son Appli¬ 
cation AUX PROBL&MBS DE TfiL&COMMANDB, T4l6- 
mesurb ou Mesure, J. Loeb. Annales des Till- 
communications, vol. 0, March 1951, pp. 67-76. 
Coding of messages for equal and unequal proba¬ 
bilities. Effects of coding. 

180. Une Th£orib 'Informationnelle' db la 
Mesure et db la T£l6mbsure, J. Loeb. Annales 
des TtUcommunicalions, vol. 6, April 1951, pp. 
90-97. Application of Shannon and Hartley 
formulas to electric measurement of voltages. Pre¬ 
cision requirements. 

181. High-Speed Direct-Trace Recording 
Methods, Roger Brown Loucks. Instruments, vol. 
24, Jan. 1961, pp. 30-34. Recording physiological 
actions as eye-blinks by: 1. potentiometer slider 
operated by eye-lid, 2. light shutter controlling 
photocell. Gives circuit of fixed stylus recorders 
using Teledeltos paper. Balance of paper suggests 
various input elements such as potentiometers, 
mirror galvanometer and photocells, cathode-ray 
commutator tube. 

182. Magnbtischb Schallaufzbichnung mit 
Filhbn und RingkOppen, Heinz Liibeck. Akus- 
tische Zeitschrift, vol. 2, Nov. 1937, pp. 273-95. A 
fundamental investigation of various factors in 
magnetic tape recording. Excellent analytical ap¬ 
proach and experimental verifications. 

183. The Construction and Characteristics 
of a Non-Contact Electromagnetic Recording 
and Reproducing Head, G. Ward Lund. Con¬ 
tract NObsr-42001, Engineering Research Associates, 
Saint Paul, Minn., Aug. 7, 1950, 27 pp. Descrip¬ 
tion and photographs of a head suitable for produc¬ 
tion. Written from point of view of fabrication. 

184. The Dual Element Magnetic Head, 
G. Ward Lund. Report PX29697, Contract NObsr- 
42001, Engineering Research Associates, Saint 
Paul, Minn., Jan. 16, 1952, 35 pp. Description, 
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detailed design, and experimental evaluation of a 
head containing a read and a write element 

185. Report on Telemetering in Aero Re- 
search, M. McLarren. Aviation Week, vol 51 
Nov. 28, 1949, pp. 24, 28, 31-32. 

186. Photographic Aspects op the Theory op 
Three-Color Reproduction, David L. MacAda m . 
Journal, Optical Society of America, vol. 28 Nov. 
1938, pp. 399-418. Contains, among other ma¬ 
terial, a short review of van Kreveld’s law and the 
concept of spectral sensitivity. 

187. On the Energy-Spectrum op an Almost 
Periodic Succession op Pulses, G. G. Macfar lane 
Proceedings, Institute of Radio Engineers, vol. 37 
Oct. 1949, pp. 1139—47. Discussion: vol. 38, Oct! 
1950, pp. 1212-13. Derivations of power-density 
spectra for equally spaced pulses of random ampli¬ 
tude, for constant amplitude pulses spaced almost 
equally, and for regular pulses of unequal length. 

188. Multichannel Analog Input-Output 
Conversion System for Digital Computer, 
M. L. MacKnlght, P. A. Adamson. Convention 
Record, Institute of Radio Bngineers, pt. 7, 1953 
pp. 2-6. Description and block diagrams of a 
miniaturized coding and decoding system. Asyn¬ 
chronous operation from computer by a storage 
drum memory. Ten coding and four decoding 
channels are sampled ten times per second each. 
One coding channel used for calibrating analogue-to- 
digital converter. Precision, nine digits. Sweep¬ 
timing coder and multiar comparator are used. 

189. Multichannel Magnetic Recording De¬ 
vice, Joslah Macy, Jr. Massachusetts Institute of 
Technology, Group Networks Laboratory, Cam¬ 
bridge, Mass., 1951, 6 pp. Equipment description 
capable of recording 600 samples per second of 
on-oif information. 

190. Bin nbuer klbctrischer Sciinbllschrbi- 

BBR UND SEINE AnWBNDUNO IN DBR ELBKTRO- 
MEDIZINISCIIEN Mbssteciinik, K. Mail, O. Grimm. 
VDE-Pachberichte, vol. 14, 1050, pp. 166-60. A 
new electric recorder and its application in medical 
measurement. Description of an oscillograph using 
heat-sensitive paper. Frequency response 0.1 to 
120 cycles. Using amplifiers included 1 millivolt 
produces 15-millimctcr deflection. 

191. Interference Effects in Magnetic Re¬ 
cording Heads, Arthur H. Mankin. Proceedings, 
National Electronics Conference, vol. 8, 1052, pp. 
108-12. 

192. Compression db Frequences, P. Marcou. 
Annales des T^communications, vol. 5, Oct 1950, 
pp. 321-37. Mathematical analysis of problems 
connected with signal compression by sampling. 
Conditions for satisfactory compression and trans¬ 
mission on narrow channels. 

193. Gas-Discharge Gaps for Data Storage in 
Electronic Computers, R. F. Market. Whirl¬ 
wind Report R-l-10, Massachusetts Institute of 
Technology, Cambridge, Moss., July 1048. 

104. Preliminary Classified Bibliography on 
Random Disturbances. DACL Memorandum 
M-6.16-2, Massachusetts Institute of Technology, 
Cambridge, Mass., Dynamic Analysis and Control 
Laboratory, Sept. 14, 1048,12 pp. Approximately 
100 references without abstracts by subject head¬ 
ings. 1. Descriptive and quantitative infor¬ 
mation on random disturbances; 2. system studies 
including the effect of random disturbances; 3. sys¬ 
tem design for optimum performance. 

195. An FM/FM Trlemetbrino System, W. J. 
Mayo-Wells. Instruments, vol. 23, July 1950, pp. 
717-18. Block diagram und description of specific 
system, 

196. An Experimental Multichannel Pulse 
Code Modulation System op Toll Quality, 

L, A. Meacham, E. Peterson. Bell System Tech¬ 
nical Journal, vol. 27, Jan. 1048, pp. 1-43. 

197. Photography (book), C. E. Kenneth MeeB. 
The Macmillan Company, New York, N. Y., 2nd 
ed„ rev., 1961. Fundamentals of photography 
writteu in a popular style. 

198. The Theory of the Photographic Proc¬ 
ess (book), C. E. Kenneth Mees. The Mac¬ 
millan Company, New York, N. Y., 1942. Ad¬ 
vanced treatment of photography. Summary of 
results with many references to the original papers. 
Excellent bibliography. 

190. Long Range Multi-Channel Telemeter¬ 
ing System, J. Mengel. Instruments, vol. 23, Jan. 
1050, pp. 70-72. Pulse-time modulation of 30 
channels with 312.5 samples per second per chan¬ 
nel. Equipment description with block diagrams. 


Direct voltage levels are transmitted by position of 
single pulse in a 100-microsecond interval. 

200. Fundamentals op the Automatic Tele¬ 
phone Message Accounting System, John 
Meszar. AIEE Transactions, vol. 69, 1950, pp. 
255-69. Bell system automatic subscriber charge 
recording system charges all calls and processes data 
in accounting. Economic background, coding 
technique, features of recording and processing ma¬ 
chinery. 

201. Bibliography op Magnetic Ampufer 
Devices and the Saturable Reactor Art, 
James G. Miles. AIEE Transactions, vol. 70, pt. 
II, 1951, pp. 2104—23. Nine hundred references to 
papers and significant patents. Patents are well 
indexed. 

202. Bibliography: Magnetic Amplifier De¬ 
vices and the Saturable Reactor Art, James G. 
Miles. Contract NObsr-42001, Engineering Re¬ 
search Associates, Saint Paul, Minn., Sept. 1, I960, 
1st ed., 64 pp. Superseded by later edition. 

203. Bibliography: Magnetic Amplifeir De¬ 
vices and the Saturable Reactor Art, James G. 
Miles. Report PX29520, Engineering Research 
Associates, Saint Paul, Minn., Aug. 31, 1951, 2nd 
ed., 71 pp. Nine hundred forty-five references 
without abstracts. Essentially identical to refer¬ 
ence 201. 

204. Saturable-Core Reactors as Digital 
Computer Elements, James G. Miles. Contract 
NObsr-42001, Engineering Research Associates, 
Saint Paul, Minn., June 17, 1949, 63 pp. Back¬ 
ground on saturable cores and their application to 
single-core flip-flops, high-speed 2-core flip-flops, 
counters, and gates. Theoretical and quantitative 
information. Bibliography of 93 titles on magnetic 
amplifiers. 

205. Saturable Reactors as Substitutes for 
Electron Tubes in High Speed Digital Com¬ 
puters, James G. Miles. Engineering Research 
Associates, Saint Paul, Minn., March 21, 1951, 20 
pp. Short paper describing use of small magnetic 
cores for flip-flops, counters, and gates. Experi¬ 
mental results show flip-flops operating at repe¬ 
tition rates of 400,000 pulses per second. 

206. The Mechanism of the Supersonic Bias, 
Angelo Montani. Electrical Engineering, vol. 68, 
June 1949, p. 511. One-page digest using push- 
pull class-B amplifier analogy to explain effect of 
bias. 

207. Magnetic and Phosphor Coated Discs, 
Benjamin L. Moore. Symposium on Large-Scale 
Digital Calculating Machinery, Harvard University 
Press, Cambridge, Mass., 1948, pp. 130-32. Brief 
description of proposed storage methods. Disc 
coated with phosphorescent material would rotate 
with write and read devices spaced 180 degrees 
apart. Magnetic disc or drum can store infor¬ 
mation statically. 

208. High-Speed Photography, Kenneth Mor¬ 
gan. Interchemical Review, vol. 11, 1952, pp. 59- 
70. Survey of high-speed cameras. Description 
of equipment and techniques. Typical results. 

209. Stabilized Time-Division Multiplier, 

C. D. Morrill, R. V. Baum. Electronics, vol. 25, 
Dec. 1052, pp. 139-41. 

210. Methods op Calibrating Frequency 
Records, R. C. Moyer et al. Proceedings, Insti¬ 
tute of Radio Engineers, vol. 38, Nov. 1950, po. 
1306-13. 

211. Recording Demagnetization in Magnetic 
Tape Recording, O. William Muckenhim. Pro¬ 
ceedings, Institute of Radio Engineers, vol. 30, 
Aug. 1051, pp. 891-97. Theoretical analysis and 
experimental work proposing the recording de¬ 
magnetization theory to explain certain perform¬ 
ance characteristics of magnetic tapes. 

212. Design Features op the Era 1101 Com¬ 
puter, F. C. Mullaney. Electrical Engineering, 
vol. 71, Nov. 1952, pp. 1015—18. Brief general 
computer description. Magnetic drum memory is 
used. 

213. Flutter Compensation for FM-FM Tele¬ 
metering Recorder, J. T. Mullin. Proceedings, 
Institute of Radio Engineers, vol. 41, March 
1953, p. 424. Abstract of paper recommending 
addition of high-frequency tone to each channel 
during recording. All channels are modulated by a 
high-frequency carrier. By proper demodulation 
signal is restored. 

214. Radio Telemetry, M. N. Nichols, L. L. 
Rauch. Review of Scientific Instruments, vol. 22, 
Jan. 1951, pp. 1-29. Detailed, mainly theoretical 


discussion of factors in choosing modulation system 
in aircraft multichannel telemetering. Forms of 
multiplexing. Fluctuation and impulse noise, non¬ 
linearity, frequency response, crosstalk relations. 
Instrumentation and recording technique. Bib¬ 
liography. Has section on air-borne recording and 
efficient coding. 

215. An Analog to Digital Converter Using 
Double Comparison, C. F. O’Donnell, M.S, 
Thesis, Massachusetts Institute of Technology, 
Cambridge, Mass., 1951. Design of circuit using 
Miller integrators to start and stop counting dock 
pulses. Accuracy 0.002 per unit, speed 100 samples 
per second, range ±100 volts. Paper treats pri¬ 
marily design of sweep circuit and comparators. 

216. The Philosophy of PCM, B. M. Oliver, 
J. R. Pierce, C. E. Shannon. Proceedings, Institute 
of Radio Engineers, vol. 36, Nov. 1948, pp. 1324-31. 

217. Photographic Methods for Handling 
Input and Output Data, R. D. O’Neal. Sym¬ 
posium on Large-Scale Digital Calculating Machin- 
ery, Harvard University Press, Cambridge, Mass., 
1948, pp. 260-66. Preliminary description of 
Eastman Kodak input-output reader. 

218. Das Metallpapibr-Reoistrierverpahren, 
Alfred Ortlieb. Elektrolechnische Zeitsckrifl, vol. 
71, Dec. 1, 1950, pp. 653—56. The metal-paper 
recording method. Comprehensive paper giving 
design and experimental curves on an oscillograph 
using paper with a thin metal coating which is 
burned away by electric current. Process features 
low coefficient of friction and good resolution. Pen 
has low inertia. Parallel, fixed electrodes can write 
lines 1.5 millimeters apart. 

219. Pulse Code Modulation Systems, A. J. 
Qfford. Proceedings, Institution of Radio Engi¬ 
neers, vol. 13, July 1952, pp. 281-86. Also Pro¬ 
ceedings, Institute of Radio Engineers, vol. 41, July 
1953, pp, 859—65. Description of two novel coders 
and decoders. Quantizing and digital-to-anaiogue 
conversion by addition and subtraction of charge on 
a condenser. Good reliability and precision with 
minimum equipment is claimed. Brief review of 
pulse code modulation principles is included. 

220. Dynamic Binary Counter with Analog 
Read-Out, Leroy Packer. Proceedings, Institute 
of Radio Bngineers, vol. 41, March 1963, p. 405. 
Abstract only. 

221. Germanium Photodiodes Read Computer 
Tapes, Leroy Packer, William J. Wray, Jr. Elec¬ 
tronics, vol. 25, Nov. 1962, pp. 150-51. 

222. Digital Computer Switching Circuits, 

C. H. Page. Electronics, Sept. 1948, vol. 21, pp. 
110-18. Elementary description of the operation 
of digital computers with emphasis on the switching 
operations. 

223. Information Theory, C. H. Page. Journal 
Washington Academy of Sciences, vol. 41, Aug. 
1951, pp. 245-49. 

224. Comparison op Modulation Methods, 

R. M. Page. Convention Record, Institute .of Radio 
Engineers, pt. 8, 1953, pp. 15-26. 

225. Specialized Instrumentation for Flight 
Testing, Joseph P. Paine. Instruments, vol. 20, 
Jan. 1947, pp. 30-34. Primarily concerned with 
aircraft instrumentation. Recording by photo¬ 
graphs of instrument dials. 

226. Rbgistribrinstrumbnte (book), A. Palm. 
Springer Verlag, Berlin, Germany, 1950. 

227. A Coincident-Current Magnetic Mem¬ 
ory Unit, W. N. Papian. M. S. Thesis, Massa¬ 
chusetts Institute of Technology, Cambridge, 
Mass., 1950, 83 pp. 

228. A Direct-Writing Oscillograph Utiliz¬ 
ing Servomechanism Techniques, R. Parley. 

M, S. Thesis, Massachusetts Institute of Tech¬ 
nology, Cambridge, Mass., 1951. 

229. Test Generator for Pulse Coded Sys¬ 
tem, D. H. Pickens, A. A. Gerlach. Radio and 
Television News, vol. 46, July 1951, pp. 14-15. 

230. Communication Theory, J. R. Pierce. 
Physics Today, vol. 4, May 1951, pp. 6-12. 

231. High-Speed Direct-Inking Recording 
System, M. A. Pomerantz, R. C. Pfeiffer. Journal, 
Franklin Institute, vol. 248, Oct 1949, pp. 305-10. 
Modification of brush recorder to operate at high 
paper speed (9 centimeters per second) for ex¬ 
tended time, 2 J /» hours. Paper capacity has been 
increased and mechanical changes produce higher 
speed. 

232. An Electro-Mechanical Reader for 
Oscillograph Data, John L. Preston. Technical 
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Memorandum No. 9, Contract NOrd-11799, Servo¬ 
mechanisms Laboratory, Massachusetts Institute of 
Technology, Cambridge, Mass., June 1, 1963, 18 
pp. Description and circuits of a data reader which 
reduced oscillograph records with 1-per-cent pre¬ 
cision and compensated for variations in excita¬ 
tion voltages. 

233. Electrostatically Induced Permanent 
Memory, Charles F. Pulvary. Journal of Applied 
Physics, vol. 22, Aug. 1951, pp. 1039-44. Ferro¬ 
electric substance (barium titanate) for storing in¬ 
formation can be used in audio-frequency range or 
higher. 

234. The Notched-Disk Memory, J. Rabinow. 
Electrical Engineering, vol. 71, Aug. 1962, pp. 745- 
49. 

235. Methods or Modulation and Multiplex¬ 
ing. Radio Corporation of America, RCA Victor 
Division, Camden, N. J., June 20, 1949, 87 pp. 
(Pinal Report, Contract W-36-039 -SC-3207 5 .) 
Final report of 3-year theoretical and experimental 
study. Contains detailed proposed system de¬ 
scription (96-channel) and theoretical develop¬ 
ments. Refers to earlier quarterly reports for theo¬ 
retical studies not included. 

236. The Selbctron —A Tube for Electro¬ 
static Storage, J. A. Rajchman. Mathematical 
Tables and Other Aids to Computation, vol. 2, Oct. 
1947, pp. 369-61. Short communication describing 
the selectron, 

237. Transistors and Transistor Circuits, 
Herbert J. Reich. Electrical Manufacturing, vol. 
50, Nov. 1952, pp. 106-12, 324-28. 

238. Error Probabilities of Binary Data 
Transmission Systems in the Presence of Ran¬ 
dom Noise, Siegfried Reiger. Convention Record, 
Institute of Radio Engineers, pt. 8, 1953, pp. 72—79. 

239. A Magnetic Rbcord-Reproduce Head, 
M. Rettinger. Journal, Society of Motion Picture 
and Television Engineers, vol. 55, Oct. 1950, pp. 
377—90. Discusses constructional principles of 
MI-10794 head. Indudes equations and graphs 
showing effects of gap size, lamination thickness, 
etc., on head inductance, sensitivity, and spacing 
loss. 

240. High-Speed Pulse Recording on Mag¬ 
netic Tape, E. S. Rich. M. S. Thesis, Massa¬ 
chusetts Institute of Technology, Cambridge, 
Mass., 1948, 120 pp. Also Whirlwind Report 
R-159, Massachusetts Institute of Technology, 
Cambridge, Mass., April 6, 1949. Tests and re¬ 
quired apparatus to determine pulse characteristics 
of tape. Sections I-III give background to pulse 
recording. Section IV describes construction of 
equipment. Section V analyzes the data in many 
forms. Good sets of curves, many nondimensioual- 
ized. Bibliography. 

241. Magnetic Recording—Its Use for Stor¬ 
age of Information in Electronic Computers, 
E. S. Rich. Whirlwind Report R-124, Massa¬ 
chusetts Institute of Technology, Cambridge, 
Mass., Sept. 17. 1947, 26 pp. Discussion of mag¬ 
netic recording. Circuits for a B-H tracer. Test 
results obtained on different tapes running at eight 
inches per second. 

242. NACA VGH Recorder, N. R. Richardson. 
NACA Technical Note 2265, National Advisory 
Committee for Aeronautics, Feb. 1951, 16 pp. 
Also Aviation Week, vol. 54, June 18, 1951, pp. 39, 
40, 44, 47. Compact flight instrument for time- 
history records of three quantities for continuous 
periods of 100 hours. Records are on photographic 
paper. 

243. The Index Marking op Magnetic Tape, 
Theodore L. Roess. M. S. Thesis, Massachusetts 
Institute of Technology, Cambridge, Mass., May 
16, 1952, 82 pp. Description and circuit diagrams 
of equipment capable of detecting and marking 
rapidly tape defects. Result Of tests, using this 
equipment, on frequency of dropouts of various 
magnitudes. Effect of dust on tape. 

244. Static Reading of Magnetically Stored 
Digital Information, S. M. Rubens. Report 
PX-29501, Contract NObsr-42001, Engineering Re¬ 
search Associates, Saint Paul, Minn., Aug. 21, 
1051, 25 pp. Construction and description of cir¬ 
cuits of a static reading head with a saturable core 
section. Test results using track width of 0.080 
inch and cell densities of 50 to 200 bits per inch for 
return-to-zero recordings. Interaction between 
adjacent channels is small, but requires further 
study. 

245. A Method of Pulse-Code Modulation, 
Roy Pines Sallen. M. S. Thesis, Massachusetts 


Institute of Technology, Cambridge, Mass., 1949, 
120 pp. Development of two pulse-code modu¬ 
lation systems. Design considerations and circuit 
description of various components. The binary 
system, straight and cyclical, and the mathematical 
proof of the conversions. Consideration of various 
coding systems. Coder produces cyclical code by 
successive rectification. Code is available instan¬ 
taneously, but coder has low sampling rate. 

246. Study of Pulse Code Modulation, F. M. 
Sang er, Jr. M. S. Thesis, Massachusetts Institute 
of Technology, Cambridge, Mass., Sept. 1948. 
Circuit diagrams for a pulse-code-modulation de¬ 
coder. Some experimental results in presence of 
noise. 

247. Spectrograph: Construction, Operation, 
and Results, Raymond C. Sangster. A Study of 
Organic Scintillators. Ph.D. Thesis, Massachusetts 
Institute of Technology, Cambridge, Mass., 1951, 
pp. 110-30. Description of a simple spectrograph 
used to obtain automatically recorded spectra of 
fluorescent sources. Accuracy ±5 angstroms. 

248. An Electronic Scaler for Tblbmrterbd 
Data Reduction, William F. Santelmann, Jr. 
M. S. Thesis, Massachusetts Institute of Tech¬ 
nology, Cambridge, Mass., 1951, 104 pp. Device 
quantizes direct voltages and prints resulting 3-digit 
number on paper strip at up to 100 values per 
second. Scaling by phantastron width modulation 
gating of pulses which are counted in biquinary ring 
counters. Diode matrix controls printer which 
consists of three wires printing five times per char¬ 
acter. 

249. Conversion of Binary Pulse Code to 
Voltage Amplitude, E. W. Sard. M. S. Thesis, 
Massachusetts Institute of Technology, Cambridge, 
Mass., 1948. 

250. A Necessary and Sufficient Condition 
for Unique Decomposition op Coded Messages, 
A. A. Sardinas, G. W. Patterson. Proceedings, 
Institute of Radio Engineers, vol. 41, March 1953, 
p. 425. Abstract only. 

251. Survey of Tape Drive Systems, H. H. 
Sarkissan. Proceedings, Electronic Computer 
Symposium, May 1952, pp. IV: 1—5. Brief de¬ 
scription of desirable characteristics of a tape drive. 

252. An Analoo-to-Dioital Converter, A. D. 
Scarbrough. Report M-58, Hughes Aircraft Com¬ 
pany, Culver City, Calif., Aug. 3, 1953, 9 PP- 
Brief description of a shaft position coder using 
cams to develop binary code. Transition errors are 
minimized by using two switches per cam. 

253. Xerography: A New Principle of Pho¬ 
tography and Graphic Reproduction, R. M. 
Schaffert, C. B. Oughton. Journal, Optical So¬ 
ciety of America, vol. 38, Dec. 1948, pp. 991. 

254. A Direct-Writing Feedback Recorder, 
Ralph Scheidenhelm. M. 5. Thesis, Massachu¬ 
setts Institute of Technology, Cambridge, Mass., 
1951, 80 pp. Detailed design information for a pen 
recorder using a variable capacitor as feedback 
position element. Static error 1 per cent of full 
scale. Maximum dynamic error in response to 10- 
cycle and 20-cycle sinusoidal signals is 5.6 per cent 
and 15 per cent respectively. 

255. Cathode Ray Recorders for Missile 
Application, C. H. Schlesman. Photographic 
Engineering, vol. 3, 1952, pp. 78—88. Describes, 
diagrams, and illustrates multichannel recorders for 
flight-monitoring. Photographic recording from a 
3-cathode-ray tube provides extreme flexibility and 
permits channel multiplexing with high-speed elec¬ 
tronic switching. 

256. A Magnetic Tape Oscillograph for 
Power System Analysis, E. C. Schurch, F. R. 
Schleif. Electrical Engineering, vol. 70, Nov. 1951, 
pp. 993-97. Oscillograph records conditions on 
power line continuously; normal conditions can be 
erased. Modulation by frequency modulation. 

257. Beam Deflection Tube for Coding in 
Pulse Code Modulation, R. W. Sears. Bell 
Laboratories Record, vol. 26, Oct. 1948, pp, 411—15. 

258. Electron Beam Deflection Tube for 
Pulse Code Modulation, R. W. Sears. Bell 
System Technical Journal, vol. 27, Jan. 1948, pp. 
44-67. Paper on quantizer operating on cathode- 
ray tube principle. Quantizes seven digits in space 
domain at high speed. 

259. Synchronous Recording on 1/4-Inch 
Magnetic Tape, Walter T. Selsted. Journal, So¬ 
ciety of Motion Picture and Television Engineers, 
vol. 55, Sept. 1950, pp. 279-84. Description of 
equipment to synchronize movie film with a sound 
track on standard 1 /«-inch magnetic tape. 


260. An Improved Technique for High-Speed 
Photography, D. A. Senior, C. O. J. Grove- 
Palmer. British Journal of Applied Physics, vol. 3, 

Oct. 1952, pp. 318-21. Discussion of high-speed 
motion picture technique. Photographs are taken 
at 4,000 frames per second. Primarily description 
of control and timing circuits to properly synchro¬ 
nize Fastax camera. Underwater photography 
with exposure times to 80 microseconds. Gives 
formula for light required as function of lens aper¬ 
ture, light path, exposure time, and emulsion 
speed. 

261. Communication in Presence of Noise, 
Claude E. Shannon. Proceedings, Institute of 
Radio Engineers, vol. 37, Jan. 1949, pp. 10—21. 

262. A Mathematical Theory of Communi¬ 
cation, Claude E. Shannon. Bell System Technical 
Journal, vol. 27, July 1948, pp. 379-423, Oct. 1948, 
pp. 623-57. 

263. Mathematical Theory of Communication 
(book), Claude E. Shannon, W. Weaver. Univer¬ 
sity of Illinois Press, Urbana, Ill., 1949. 

264. Relations Between the Sensitombtric 
and the Size-Frequency Characteristics of 
Photographic Emulsions, Ludwlk Silberstein, 

A. P. H. Trivelli. Journal, Optical Society of 
America, vol. 28, Nov. 1938, pp. 441—59. Theo¬ 
retical and empirical considerations show that the 
speed of an emulsion is approximately proportional 
to the average grain size. 

265. Ink Recorders, G. Simon. Siemens Zeit- 
schrift. vol. 25, July 1951. pp. 141-49. Construc¬ 
tion features and performance of Siemens pen re¬ 
corders. 

266. A Digital Electronic Correlator, Henry 
E. Singleton. Proceedings, Institute of Radio 
Engineers, vol. 38, Dec. 1950, pp. 1422-28. Block 
and circuit diagrams of the correlator and some of 
its important components. Contains circuits of a 
sweep-type analogue-to-digital converter with a 
10-digit precision and 200-microsecond sampling 
rate. Binary counter operated reliably at 10 
megacycles. 

267. The Sadic, A Precision Analog-Digital 
Converter, Robert L. Sink, Geo. M. Slocomb. 
Consolidated Engineering Corporation. Pasadena, 
Calif., 6 pp. Description and block diagrams of 
electromechanical analogue-digital converter with 
±0.1-per-cent accuracy and approximately. 1/2- t 
cycle frequency response at maximum amplitude. 
One-microvolt increments can be sensed by using 
calibrated amplifier before quantizing. Quantizing 
by differential-counting feedback-subtraction using 
stepping switches and precision resistors in Thomp- 
son-Vartey bridge circuit. 

268. Devices for Conversion Between Ana¬ 
log Quantities and Binary Pulse-Coded Num¬ 
bers, R. L. Sisson, A. K. Susskind. M. S. Thesis, 
Massachusetts Institute of Technology, Cambridge, 
Mass., Jan. 1950, 130 pp. Description, circuit dia¬ 
grams, and tests on a digital coder and a decoder. 

In the coder a synchro produces phase-modulated 
signal. The phase shift is detected by counting 
clock pulses In a binary counter. 

269. An Analog-to-Digital Converter with 
an Improved Linear-Sweep Generator. Dean 
W. Slaughter. Convention Record, Institute of 
Radio Engineers, pt. 7, 1953, pp. 7-12. Block dia¬ 
grams of a sweep-timing coder with a claimed pre¬ 
cision of 12 binary digits and pulse intervals of 3 
microseconds. Operational amplifiers are used in 
sweep circuit and comparator. Equations for these 
two circuits are derived. 

270. An Analog to Digital Converter with 
an Improved Linear Sweep Generator, Dean 
W. Slaughter. Proceedings, Institute of Radio 
Engineers, vol. 41, March 1953, p. 405. Abstract 
of reference 269. 

271. Coding by Feedback Methods, B. D. 
Smith. Proceedings, Institute of Radio Engineers, 
vol. 41, Aug. 1953, pp. 1053-58. Essentially a con¬ 
densed version of reference 272. 

272. Pulse-Code Modulation Method, Blan¬ 
chard D. Smith, Jr. M. S. Thesis, Massachusetts 
Institute of Technology, Cambridge, Mass., 1948, 
61 pp. Discussion of pulse code modulation. De¬ 
sign of coder using flip-flops and subtraction prin¬ 
ciple with single discriminator. Mathematical in¬ 
vestigation of quantizing error. Differential¬ 
counting method and sequential-error method men¬ 
tioned. Sampling rate 10 kc which could be ex¬ 
tended to 30 kc. Five binary digits per sample. 

273. Pulse-Code Modulation Method. Blan¬ 
chard D. Smith, Jr. Report 23, Massachusetts In- 
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stitute of Technology, Cambridge, Mass., Dec. 
1948, 29 pp. Condensation of reference 272. 

274. Train Performance Calculator, S. V. 
Smith. Railway Age, vol. 130, March 26, 1951 
pp. 32-33. 

275. A Pulse-Code Modulation System, W. R. 
Smith-Vaniz, Jr. M. S, Thesis, Massachusetts In¬ 
stitute of Technology, Cambridge, Mass., June 
1952, 51 pp. Theory and circuits for pulse-code 
modulation system employing companding. Com¬ 
panding is accomplished in successive-approxi¬ 
mation coder. Signal-to-noise ratio 30 decibels for 
a dynamic range of 20 decibels. 

276. A New Method of Recording Flight 
Data, Henry Sostman. Instruments, vol. 23, Jan. 
1950, pp. 36—37. Description of air-borne, mul¬ 
tiple-channel direct-writing oscillograph using 
thermosensitive paper. D’Arsonval galvanometer 
movement. Data tabulated. 

277. Bibliography on Telemetering, 1924- 

1947. Special Libraries Association, Cleveland, 
Ohio, 4 pp. Thirty-three references without ab¬ 
stracts from widely available publications. Appar¬ 
ently all refer to power telemetering. 

278. Magnetic Recording Tape. I-II, H. G. 
M. Spratt. Wireless World, vol. 57, 1951, pp. 
88-91, 149-51. Basic characteristics for specific 
tape speed and effect of finite gap length. 

279. Conversion op Shaft Position to Binary 
Code, H. P. Stabler. Whirlwind Report R-129, 
Massachusetts Institute of Technology, Cambridge, 
Moss., Oct. 15,1947, 26 pp. Comparison of various 
methods to convert shaft position to binary code 
accurate to one in 100 to 500 and 1,000 to 5,000 
parts. Mechanical switches on the function level, 
and count-down methods using variable frequency 
oscillator or sweep timing are compared on linearity, 
stability, and speed. Digital-to-analogue conver¬ 
sion is briefly considered. 

280. Reversible Binary Counter and Shaft 
Position Indicator, H. P. Stabler. Technical 
Report 3, Massachusetts Institute of Technology, 
Research Laboratory of Electronics, Cambridge, 
Muss., March 3, 1947, 8 pp. A binary counter 
responds to “add” and "subtract” pulses in unit 
steps. Resolving time 10-s second and better. 
Shaft ^position indicator employs disk which ener¬ 
gizes “add” or "subtract" photocell depending on 
direction of rotation. 

281. Design Principles of Amplitude-Modu¬ 
lated Suiicarrikr Telemeter System, C. K. 
Stedman. Proceedings, Institute of Radio Engi¬ 
neers, vol. 36, Jan. 1948, pp. 36-41. 

282. Oscillograph Trace Identification, R. 
Stott. CIT/JPL Memorandum 4-35, California 
Institute of Technology, Pasadena, Calif., July 27, 

1948, 3 pp. Brief description and pictures of small 
electronically controlled D’Arsonval meter move¬ 
ment which briefly (0.01 second) interrupts light 
beam to various galvanometers sequentially thus 
permitting trace identification. 

283. A Bibliography of Information Theory, 
F. L. Stumpers. Massachusetts Institute of Tech¬ 
nology, Research Laboratory of Electronics, Cam¬ 
bridge, Mass., Feb. 2, 1953, 46 pp. Over 800 titles 
arranged by 11 subject classifications. 

284. Suggestions for the Decoder Design, 
A. K. Susskind. D.I.C. 6694, Engineering Memo 
14, Massachusetts Institute of Technology, Servo¬ 
mechanisms Laboratory, Cambridge, Mass., May 
22, 1950, 20 pp. Description of three types of de¬ 
coders converting a 6-hinary-digit voltage to an 
analogue voltage. Detailed comparison of errors 
and equipment requirements. 

285. NACA Oil-Damped V-G Recorder, I. 
Taback. NACA Technical Note 2194, National 
Advisory Committee for Aeronautics, Oct. 1950, 
28 pp. New velocity-gravity recorder with im¬ 
proved frequency response, less vibration suscepti¬ 
bility und less field adjustment. 

286. Investigations on New Magnetic Record¬ 
ing Media, M. D. Temple et al. Final Report PB- 
33200, Brush Development Company, Cleveland, 
Ohio, Feb. 1944. Final report on project to develop 
improved magnetic wire by depositing magnetic 
layers on nonmagnetic material. 

287. The Graph-Scope, an Electronic Graph 
Plotter and Graphical Computer, A. L. Thomas, 
Jr. Electrical Engineering, vol. 69, Dec. 1950, pp. 
1097-1100. Points are plotted on scope und may be 
photographed (recorded). Scales can be varied. 
Equipment description with block diagrams. 

288. Design Features of a Magnetic Drum 


Memory for the National Bureau of Stand¬ 
ards Western Automatic Computer (SWAC), 
R. Thorensen. Proceedings, Electronic Computer 
Symposium, May 1952, pp. II: 1-6. Description of 
co-ordination between magnetic and electrostatic 
memories to reduce the net access time. 

289. High Frequency Effective Incremental 
Permeability Data for Saturable Magnetic 
Cores, W. Ti tman et al. Engineering Research 
Associates, Saint Paul, Minn., May 17, 1951, 24 
pp. Approximately 180 "butterfly" curves of 32 
cores experimentally determined at 200 kc, 2 mega¬ 
cycles, and 5 megacycles. Four core materials of 
varying thickness and different convolution were 
tested by the method described. 

290. High-Speed Writing and Selective Alter¬ 
ing of Digital Information on Magnetic Sur¬ 
faces, D. H. Toth. Contract NObsr-42001, Engi¬ 
neering Research Associates, Saint Paul, Minn., 
Sept. 1, 1950, 19 pp. Comparison of driving mag¬ 
netic recording head with hard tubes and thyra- 
trons. Circuits, test procedures, and oscillograms 
of results are given. With hard tubes, faster rates 
and higher signal-to-noise ratios were obtained. 

291. The Potentialities of Transistors in 
Digital Computing Circuits, Dolan H. Toth. 
Contract NObsr-42001, Engineering Research Asso¬ 
ciates, Saint Paul, Mina., July 12, 1960, 20 pp. 
Report gives test results on a number of transistors 
and considers their use in multivibrators, counters, 
and blocking oscillators. Circuit diagrams and de¬ 
sign methods are given. 

292. Preliminary Evaluation of the Harvard- 
Type Static Magnetic Memory, Dolan H. Toth* 
Report T.M.-21. XA-19748. Engineering Research 
Associates, Saint Paul, Minn., April 12, 1951, 5 pp. 
Brief description of static magnetic memory and 
some test results. 

293. Binary Counter Uses Two Transistors, 
Robert L. Trent. Electronics, vol. 26, July 1952, 

pp. 100-01. 

294. The Effect of Pbn-to-Papbr Friction in 
Recording Instruments, M. J. Tucker. Elec¬ 
tronic Engineering, vol. 23, Feb. 1951, pp. 61-63. 

295. Information Theory Applied to System 
Design, W. G. Tuller. A1EE Transactions, vol. 
09, pt. II, I960, pp. 1812-14. Brief paper showing 
an example of application to air traffic control. 
Sixteen words are sent to plane. 

296. Theoretical Limitations on the Rate of 
Transmission of Information, W. G. Tuller. 
Proceedings, Institute of Radio Engineers, vol. 37, 
May 1949, pp. 468-78. 

297. Digital Recorder, Arthur W. Tyler. 
Eastman Kodak Company, Camera Works, Ro¬ 
chester, N. Y., May 12,1952, 5 pp. Short proposal 
for a digital recorder using a storage density of 10* 
bits per square inch. Light from a 2-dimensional 
array of glow lamps is focused on a rotating photo¬ 
graphic disk. 

298. Optical and Photographic Storage Tech¬ 
niques, Arthur W. Tyler. Symposium on Large- 
Scale Digital Calculating Machinery, Harvard Uni¬ 
versity Press, Cambridge, Mass., 1948, pp. 146-50. 
Application of photographic storage for digital com¬ 
puters. Estimates of density and access time capa¬ 
bility and their limiting factors. Brief consider¬ 
ation of semipermanent storage using phosphors 
where information is stored by ultraviolet light and 
is read and erased by infrared light. 

209. Review of Input and Output Equipment 
Used in Computing Systems. A1EE Special Pub¬ 
lication S-53, "Recording Techniques for Digital 
Coded Data,” Arthur W. Tyler, 1953, pp, 3-7. 
Review of data recording techniques with emphasis 
on the photographic medium. Values for storage 
density and rates are given. 

300, Commercially Available General-Pur¬ 
pose Electronic Digital Computers of Moder¬ 
ate Price. United States Navy, Office of Naval 
Research. Washington, D. C., 1052, 37 pp. Col¬ 
lection of seven papers given at a symposium on 
May 14, 1952. Each paper gives a general de¬ 
scription of a computer costing less than $100,000. 
Included are the JAINCOMP-B1, MONROBOT, 
CADAC, circle computer, Elccom 100, Consoli¬ 
dated 30-201, and the Miniac. 

301. Bibliography of Reports on Wire and 
Tape Recorders, United States Office of Technical 
Services. Report SB-7, United States Department 
of Commerce, Washington, D. C., March 1949, 8 
pp. Eighty-one references to unpublished, un¬ 
classified reports available from the government. 
Primarily captured German documents and war 
department publications. (This bibliography is 


cumulative and includes references listed in earlier 
issues of the bibliography.) 

302. Sur unr Equation Fonctionnblle db la 
Th&orib de L'Information, J. Ville. C&bles et 
Transmission, vol. 5, Jan. 1951, pp. 76-83. Func¬ 
tional equation of information theory. How to 
estimate quantity of information by given signal 
source. 

303. The Reproduction of Magnetically re¬ 
corded Signals, R. L. Wallace, Jr. Bell System 
Technical Journal, vol. 30, Oct. 1951, pp. 1145-73. 
Excellent paper treating quantitatively the losses 
in the magnetic reproducing process. Experi¬ 
mental and calculated results are compared. Self¬ 
demagnetization, spacing loss, thickness loss, gap 
loss, and losses in the recording and reproducing 
heads are considered. 

304. Analysis and Design of Digital-to- 
Analog Decoder, R. L. Walquist. M. S. Thesis, 
Massachusetts Institute of Technology, Cambridge, 
Mass., 1951. 

305. Magnetic Delay-Line Storage, An Wang. 
Proceedings, Institute of Radio Engineers, vol. 39, 
April 1951, pp. 401-07. 

306. Magnetic Triggers, An Wang. Proceed¬ 
ings, Institute of Radio Engineers, vol. 38, June 
1950, pp. 626-69. 

307. Miniature Rectifier Computing and Con¬ 
trolling Circuits, An Wang. Proceedings, Insti¬ 
tute of Radio Engineers, vol. 40, Aug. 1952, pp. 
931-36. 

308. Static Magnetic Storage and Delay 
Line, An Wang, W. D. Woo. Journal of Applied 
Physics, vol. 21, Jan. 1950, pp. 49-54. 

809. Development of Cathode-Ray Tube for 
Film Recording, S. A. Ward, R. E. Leplc. Final 
Report, Contract W36-039-SC-44573. National 
Union Radio Corporation, Orange, N. J., 1951, 66 
pp. Details of unsuccessful research to develop a 
cathode-ray tube which produces an instantane¬ 
ously visible, permanent record. Desired spot size 

O. 001 inch and recording time 67 microseconds per 
element. Electromagnetic radiation and ultra¬ 
violet light were investigated. 

310. Instrumentation for Flight Testing the 
XB-45 Airplane, D. K. Warner. Instruments, 
vol. 22, April 1949, pp. 314-17. Plane uses photo¬ 
recorders which photograph 120 dial instruments 
and recording oscillograph. No data on these 
devices. 

311. The Summation of Different Color 
Radiations by a Photographic Emulsion, J. H. 
Webb. Journal, Optical Society of America, vol. 
20, Jan. 1936, pp. 12-23. Verification of van Kre- 
veld's law on the addition of colors applied simul¬ 
taneously and extension to sequential application. 
Experimental results with theoretical discussion. 

312. Recording System for the Rolling-Ball 
Flowmeter, John J. Wedel. CIT/JPL Memo¬ 
randum No. 4-54, California Institute of Tech¬ 
nology, Pasadena, Calif., Dec. 30, 1949, 19 pp. 
Description of pen recorder used in a specific appli¬ 
cation. 

313. High-Speed Counter Uses Ternary No¬ 
tation, Richard Welssman. Electronics, vol. 25, 
Oct. 1952, pp. 118-21. Describes a simple ternary 
memory and a fast counter in ternary notation. 
Ternary counter has high speed and uses fewer tubes 
than binary counter. 

314. Tests on Magnetic Tapes Intended for 
Operation at 15 Inches Per Second (in French), 

P. H. Werner. Technische Milteilungen der 
Schwpizer Post-Telegrapk-Telephon Verwaltung, vol. 
28, Oct. 1950, pp. 382-88. Also abstracted in 
Science Abstracts, 1951, vol. 54-B, p. 92. Five 
types of tapes were tested for suitability and degree 
of interchangeability. 

315. A Digital Computer for Scientific Appli¬ 
cations, Charles F. West, J. E. DeTurk. Pro¬ 
ceedings, Institute of Radio Engineers, vol. 36, 
Dec. 1948, pp. 1452-00. Computer description. 

316. Studies on Magnetic Recording, W. K. 
Westmijze. Ph.D. Thesis, University of Leiden, 
Leiden, Holland, 1953, 91 pp. 

317. Studies on Magnetic Recording, W. K. 
Westmijze. Philips Research Reports, vol. 8, June 
1953, p. 161. 

318. Review of the Present Status of Mag¬ 
netic Recording Theory, W. W, Wetzel. Audio 
Engineering, vol. 31, Nov. 1947, pp. 14-17, 39; 
vol. 31, Dec, 1947, pp. 12-16, 37; vol. 32, Jan, 
1948, pp. 26-30, 46-47. Comprehensive exposition 
of magnetic recording. Pt. I describes hysteresis 
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loop tracer and discusses in detail the eifects of de¬ 
magnetization, neutralization, etc., on the hystere¬ 
sis loop. Pt. II covers erasing, recording, and re¬ 
production in detail using primarily graphical pro¬ 
cedures. A-c and d-c bias and erase are compared. 
Pt. Ill combines the effects and compares them 
critically with experimental frequency response 
curves. Noise and distortion phenomena are 
examined. 

319. A Flux-Sensitive Head for Magnetic 
Recording Playback, D. E. Wiegand. Proceed¬ 
ings , Institute of Radio Engineers, vol. 41, March 
1953, p. 424. One-paragraph abstract. High-fre¬ 
quency oscillator is used as carrier for signal. 

320. An Ultrasonic Memory Unit for the 
EDSAC, M. V. Wilkes, W. Renwick. Electronic 
Engineering, vol. 20, April 1948, pp. 339-45. 

321. Position Synchronization of Rotating 
Drum, F. C. Williams, J. C. West. Proceedings, 
Institution of Electrical Engineers, vol. 68, pt. II, 
Feb. 1951, pp. 29-34. 

322. Storage System for Use with Binary 
Digital Computing Machines, F. C. Williams, 
T. Kilburn. Proceedings, Institution of Electrical 
Engineers, vol. 66, March 1946, pt. Ill, pp. 81-100; 


vol. 96, pt II, April 1949, pp. 183-202. 

323. Universal High-Speed Digital Com¬ 
puters: A Small-Scale Experimental Ma¬ 
chine, F. C. Williams, T. Kilburn, G. C. Tootlll. 
Proceedings, Institution of Electrical Engineers, 
vol. 98, pt. II, Feb. 1951, pp. 13-28. Description 
and circuits of an experimental serial computer using 
regenerative cathode-ray tube storage. One ap¬ 
pendix describes how information is stored on the 
tube. 

324. Magnetic Recording 1900-1949, Carmen 
Wilson. John Crerar Library Bibliography Series, 
no. 1, John Crerar Library, Chicago, Ill., 1950, 61 
pp. Bibliography of 339 abstracts and titles. 

325. Progress Report in Miniaturization of 
Neon Tubbs for Digital Recorders. Gardner 
P. Wilson, N. R. Gunderson. Report TM-562, 
United States Naval Ordnance Test Station, Inyo- 
kern, Calif., Oct. 9,1951, 25 pp. Detailed descrip¬ 
tion of experiments and equipment for the develop¬ 
ment of a small cold-cathode tube for camera use 
having a striking potential below 90 volts. Me¬ 
chanical sketches of different tube structures tested. 
Effect of different gas mixtures and cathode .mate¬ 
rials. Effect of radio-frequency waves on brib 
liance. 


326. Signal and Noise Levels in Magnetic 
Tape Recording, D. E. Wooldridge. AIEE 
Transactions, vol. 65, 1946, pp. 343-52. 

327. A Serial Binary Decoder, K. N. Wulfsberg. 
Report E-4086, United States Air Force Cambridge 
Research Center, Cambridge, Mass., Jan. 1952, 20 
pp. Discussion of decoding accuracy and circuit 
description of 8-digit Shannon decoder. 

328. Multichannel Measurement of Physical 
Effects by Confluent Pulse Technique with 
Particular Reference to Analysis of Strain, 
J. G. Tates et al. Paper 1030, Institution of Elec¬ 
trical Engineers, 13 pp. 

329. Data Transmission Equipment, N. H. 
Young. Proposal S96, Federal Telecommunication 
Laboratories, Nutley, N. J., April 6, 1948, 10 pp. 
Brief proposal mentioning different methods to 
quantize shaft position. 

330. Magnetic Recording of Meter Data, 
R. E. Zenner. Audio Engineering, vol. 34, Feb. 
1950, pp. 16-17, 33. Usual sound recording equip¬ 
ment used for instrumentation. Discusses errors 
in magnetic recording quantitatively and methods 
of avoiding them. Mentioned are amplitude errors, 
speed variations, and spurious responses. 


List of Periodicals 


1. AIEE Transactions, New York, N. Y. 

2. Acta Physica Austriaca, Vienna, Austria 

3. Akustische Zeitschrift, Leipzig, Germany 

4. Annales des Telecommunications, Paris, France 

5. Archiv der eleklrischen Ubertragung, Wiesbaden, Germany 

6. Archiv fUr technisches Messen, MQnchen, Germany 

7. Arkivfdr Matematik, Aslronomi och Fysik, Stockholm, Sweden 

8. Audio Engineering, Mineola, N. Y. 

9. Aviation Week, New Yo-rk, N. Y. 

10. Bell Laboratories Record, New York, N. Y. 

11. Bell System Technical Journal, New York, N. Y. 

12. British Journal of Applied Physics, London, England 

13. C&bles et Transmission, Paris, France 

14. Chemical Engineering, New York, N. Y. 

15. Comptes Rendus Hebdomadaires des Stances de VA cademie des 
Sciences, Paris, France 

16. Convention Record, Institute of Radio Engineers, New York, 
N. Y. 

17. Electrical Communication, New York, N. Y. 

18. Electrical Engineering, New York, N. Y. 

19. Electrical Manufacturing, New York, N. Y. 

20. Electronic Engineering, London, England 

21. Electronic Industries and Electronic Instrumentation , New 
York. N. Y. 

22. Electronics, New York, N. Y. 

23. Elektrotechnische Zeitschrift, Berlin, Germany 

24. Engineer, London, England 

25. Engineering, London, England 

26. Funk urtd Ton, Berlin, Germany 

27. General Electric Review, Schenectady, N. Y. 

28. Instruments, Pittsburgh, Pa. 

29. Interchemical Review, New York, N. Y. 

30. Journal, Acoustical Society of America, New York, N. Y. 

31. Journal, British Institution of Radio Engineers, London, 
England 

32. Journal, Franklin Institute, Philadelphia, Pa. 

33. Journal of Applied Physics, New York, N, Y. 

34. Journal of Research, United States Bureau of Standards, 
Washington, D. C. 

35. Journal of Scientific Instruments, London, England 

36. Journal of the Optical Society of America and Review of 
Scientific Instruments, New York, N. Y. 

37.. Journal, Optical Society of America, New York, N. Y. 

38. Journal, Photographic Society of America, East Pittsburgh, 
Pa. 


39. Journal, Society of Motion Picture Engineers, Easton, 
Pa. 

40. Journal, Society of Motion Picture and Television Engi¬ 
neers, Easton, Pa. 

41. Journal, Washington Academy of Sciences, Washington, 
D. C. 

42. L'Onde filectrique, Paris, France 

43. Mathematical Tables and Other Aids to Computation, Wash¬ 
ington, D. C. 

44. Mechanical Engineering, New York, N. Y. 

45. NA CA Technical Notes, National Advisory Committee for 
Aeronautics, Cleveland, Ohio 

46. Nucleonics, New York, N. Y. 

47. Optik, Weimar, Germany 

48. Philips Research Reports, Eindhoven, Netherlands 

49. Philosophical Magazine, London, England 

50. Photographic Engineering 

51. Physica, The Hague, Netherlands 

52. Physical Review, New York, N. Y. 

53. Physics Today, New York, N. Y. 

54. Proceedings, Electronic Computer Symposium, Institute of 
Radio Engineers Group on Electronic Computers, Los Angeles, 
Calif. 

55. Proceedings, Institution of Electrical Engineers, London, 
England 

56. Proceedings, Institute of Radio Engineers, New York, N. Y. 

57. Proceedings, Institution of Radio Engineers, Sydney, 
Australia 

58. Proceedings, National Electronics Conference, Chicago, Ill. 

59. Product Engineering, New York, N. Y. 

60. RCA Review, New York, N. Y. 

61. Radio and Television News, New York, N. Y. 

62. Radio-Electronic Engineering, New York, N. Y. 

63. Railway Age, New York, N. Y. 

64. Review of Scientific Instruments, New York, N. Y. 

65. Siemens Zeitschrift, Siemensstadt, Germany 

66. Technical Data Digest, United States Air Force, Dayton, 
Ohio 

67. Technische Mitteilungen der Schweiser Post-Telegram- Tele- 
phon Verwaltung, Switzerland 

68. Tele-Tech, New York, N. Y. 

69. VDE-Fachberichte, Berlin, Germany 

70. Wireless World, London, England 

71. Zeitschrift fur wissenschafUiche Photographie, Photophysik 
und Photochemie, Leipzig, Germany 


No Discussion 



Hollander—Bibliography on Data Storage and Recording 


March 1954 








A New Portable Telegraph Transmission 
Measuring Set 


s. i. coRy 

MEMBER AIEE 


T HE provision of good telegraph serv¬ 
ice requires that the circuits be de¬ 
signed, engineered, and maintained so as 
to afford good transmission quality. The 
measurement of a single quantity, known 
as telegraph distortion, 1 at the receiving 
end is sufficient to establish the transmis¬ 
sion quality since it contains all signal de¬ 
grading effects, such as interference, poor 
relay performance, and wave-shape dis¬ 
tortion. Therefore, the ability to measure 
distortion conveniently and accurately is 
of prime importance. 

Suitable distortion-measuring devices 
are provided in the Bell System for use at 
telegraph test boards in the larger offices, 
in maintenance work, and in special in¬ 
vestigations in the field, 3 ' 4 as well as for 
development work. However, no device 
has been available which fulfills satis¬ 
factorily the requirements for use at cus¬ 
tomers’ stations and in small central of¬ 
fices. 

This gap is being filled by a set of 
new design especially suited to this use. 
This paper describes the field-trial model 
of this new design. 

The Requirements: How They 
Are Met 

Becatise this set is to be carried by the 
station maintenance men to customer sta¬ 
tions along with other gear, an important 
objective in its design was to build as 
small and lightweight a set as is consist¬ 
ent with good performance. Another 
requirement was that the set must meas¬ 
ure on a start-stop basis since Bell Sys¬ 
tem circuits are now generally operated 
by start-stop teletypewriters. 4 These re¬ 
quirements arc met by an all-electronic 
design which provides an improved type 
of indication on a small cathode-ray 
tube and which uses standard miniature 
parts and tubes, and, for the most part, 
conventional present-day circuitry. The 
design of this model is centered around a 


Paper 54-105, recommended by the AIEE Tele¬ 
graph Systems Committee and approved by the 
AIEE Committee on Technical Operations for pres¬ 
entation at the AIEE Winter General Meeting, 
New York, N. Y., January 18-22, 1054. Manu¬ 
script submitted October 21, 1953; made available 
for printing December 1, 1953. 

S. I. Cory is with the Bell Telephone Laboratories, 
New York, N. Y. 


1-inch cathode-ray tube and an associated 
optical magnifier for the distortion indi¬ 
cator. This, along with the use of multi¬ 
vibrator timing circuits, requires only a 
small power supply which is also con¬ 
tained in the set. Fig. 1 shows a view of 
this field-trial model which is 6 inches 
high by 3 l A inches wide by 6 6 /s inches 
deep and weighs only about 6 pounds, 
complete with carrying case. For prac¬ 
tical reasons of manufacturing economy, 
ease of maintenance, etc., the final design 
for production will contain a 2-inch cath¬ 
ode-ray tube without the optical magni¬ 
fier, and it will be somewhat larger and 
heavier than the trial model. 

In line with the general Bell System re¬ 
quirements for a suitable measuring set, 
it is designed to measure teletypewriter 
and teletypesetter signals in working cir¬ 
cuits of any type without disturbing the 
service. Also it may be used in any cir¬ 
cuit encountered in portable use, or at 
testboards in central offices. Its input is 
a 100-ohm nonreaetive resistance which is 
inserted in series in the local circuit and 
has practically no effect on the circuit 
under test. The set may be used to in¬ 
dicate the distortion of miscellaneous or 
recurring 5- or 6-unit code teletypewriter 
signals at 60, 75, or 100 words per minute 
by making simple adjustments. A simple 
and quick local check procedure is fol¬ 
lowed which does not necessarily require 
a special source of undistorted signals, 
i.e,, it may be made using the signals re¬ 
ceived from the distant station, a feature 
which is of considerable advantage in 
portable use. The set requires only plug 
connections to a source of 110-volt 60- 
cycle power and to the circuit to be meas¬ 
ured. 

A new method of displaying distortion 
on a cathode-ray tube is employed to im¬ 
prove the ease of use as compared to other 
designs employing cathode-ray tubes as 
indicators. 4-6 Two types of indication are 
used—the pip and peak indications shown 
in Fig. 2. In the pip indication of distor¬ 
tion the instantaneous value of the dis¬ 
placement of each signal transition is in¬ 
dicated by means of easily observed 
“pips” on a 0-to-50-per-cent distortion 
scale along a horizontal axis on the face 
of the tube. The pip is upwards from 


the horizontal trace for space-to-mark 
transitions and downward from the 
trace for mark-to-space transitions. The 
pips have bright trailing edges or tails 
which extend to the right or left depend¬ 
ing on the sign of the displacement. Ac¬ 
cordingly, they are easy to observe. The 
peak indication of distortion is a persist¬ 
ing indication of the maximum displace¬ 
ment, otherwise known as the peak value 
of the total distortion, using the position 
of a spot of light on the distortion scale. 
The pips are also superposed on the spot 
of light and appear in a vertical line 
through the center of the spot, to advise 
the observer whether or not signals are 
being received. This type of indication is 
comparable to the meter indication of a 
set now in general use in large central 
offices. 3 It is easy to observe, even if the 
light is poor, as may often be the case in 
portable use. Accuracy of indication 
compares well with that of larger and 
more expensive sets, it being in the order 
of ±2-per-cent distortion. 

Status 

The model sets have been given exten¬ 
sive trials in the Bell System with satis¬ 
factory results. Also, it is understood 
that the United States Army Signal Corps 
has had satisfactory experience with the 
models and they believe that this type of 
set will be valuable to the Armed Forces. 
Final development and design of the cir¬ 
cuit and equipment is well along, leading 
to the production of sets which will be 
coded “164Cl Telegraph Transmission 
Measuring Set.” The commercial prod¬ 
uct will be somewhat larger and heavier 
than the trial model. 



Ffj. 1. Oblique front view of the field-trial 


model set 
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Description 

Any start-stop telegraph transmission 
measuring set contains certain funda¬ 
mental parts: means for receiving the 
signals, means for timing the duration of 
characters and pulses, and means for in¬ 
dicating the displacement of the transi¬ 
tions from their proper positions, i.e., the 
distortion. In this model set the means 
for receiving signals is the trigger-tube in¬ 
put circuit shown at the left in Fig. 4. 
This operates the character timer and the 
pulse timer which are both multivibrator 
circuits. The output of the pulse timer 
contains an integrating circuit and am¬ 
plifier which produces a triangular-shaped 
output for the horizontal sweep of the 
cathode-ray tube when pips are being ob¬ 
served. This provides the time base for 
the distortion scale. The beam is at the 
left, or zero-distortion end of the scale, at 
the instants that transitions occur in per¬ 
fect signals and at the right, or 50-per-cent 
distortion end of the scale, halfway be¬ 
tween these instants. A differentiating 
circuit operating from the input circuit 


produces a pip at the time of occurrence 
of each transition in the signal and these 
pips are applied to the vertical plates of 
the cathode-ray tube to provide the in¬ 
dication of instantaneous values of dis¬ 
tortions. Peak-distortion indication re¬ 
quires that the triangular-shaped voltage 
wave be sampled at the time of occurrence 
of each transition in the signal and the 
sample voltage applied to a storage capac¬ 
itor in the peak voltmeter circuit. The 
stored voltage controls the position of the 
spot of light along the distortion scale to 
provide a persisting indication of the peak 
value of the distortion. 

The operation of the circuit will now be 
described in more detail, using Figs. 3 and 
4 together. 

Input Circuit 

The telegraph signals are impressed on 
a 100-ohm input resistance R which is in¬ 
serted directly into the circuit to be meas¬ 
ured. The input tube VI is a double 
triode used in a bistable trigger circuit 
whose cathode circuit contains the input 
resistance R. Practically square-wave 


signals are obtained at the output of VI 
regardless of the waveshape of the input 
signals. Its performance over the operat¬ 
ing range is similar to that of a receiving 
relay. The output of tube VI for undis¬ 
torted (perfectly timed) input signals is 
indicated at B. 

Character Timer 

The output of tube VI is impressed 
upon the character timer which is a 1- 
shot multivibrator using tube V2. Char¬ 
acter timing begins upon the occurrence 
of the start pulse and ends at the begin¬ 
ning of the stop pulse as is indicated at C. 
Character timer adjustment is made by 
means of the char potentiometer. 

Pulse Timer 

The starting and stopping of the pulse 
timer is controlled by the character timer. 
At the beginning of the character-timing 
interval the pulse timer tube V3 is started 
and operates as a free-running multi¬ 
vibrator during the character, producing 
a practically square-wave output with 
pulses at twice the signalling frequency. 
Thus, the action of tube V3 is similar to 
that of a start-stop oscillator. Its output 
is indicated at D. Speed adjustment is 
made by means of the speed potentiom¬ 
eter. There are three of these, one for 
each speed. 

Integrating Circuit and Amplifier 

The output of the pulse timer is im¬ 
pressed upon an integrating circuit hav¬ 
ing a large time constant so that the volt- 
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age change on the cupu 
grating circuit is only a U w volts .hiring 
each half-cycle of the pulse timer output, 
because of this small change, tin* varia¬ 
tion in voltage is practically Um ar with 
time This linear cliauj.it' >•* amplihed bv 
the left portion of tube V4 it. obtain the 
linear sweep voltage indicated at h. 1 his 
sweep voltage is applied t»» tlu* horizontal 
plates of the catliode rav tube when the 
switch S is operated to ****•. It causes tlu* 
beam to travel from <> tu 5U per cent on 
the distortion scale during Hit- Ur A half 
cycle of the pulse timer ami from 5U pm 
cent to 0 during: the second half •cycle, 
sw amp and sw LKViii. potentiometers are 
provided for the proper adjustim-nt of Uu* 
horizontal sweep as viewed on tin* t R 
tixfoe. 


DIFFERENTIATI NO ClKCtlt \M» 1*11* 

Indication 

The differentiated output of tutu* 17 
is applied to the vertical plate* of the 
catliode-ray tuhe to produce a pip for 
each transition in the signal. A*, tin* burnt 



Fig. 5. Legend indicating type 
and sign of distortion 


0 

us shown at /\ they are all located at the 
extreme left, or zero-distortion end of the 
seale. Distortions of various amounts 
will he indicated by the pips occurring at 
other positions along tlu* 0 to 50 per cent 
seale depending upon the amount of dis¬ 
tortion, The time constant of the decay 


Bias is the average position of tlu* upward 
pips since bias is, by definition, the aver¬ 
age displacement of space-to*mark transi¬ 
tions. 


of the pip voltage is adjusted so that a 
bright and easily observed tail is pro¬ 
duced in the direction in which the spot is 
moving in response to the horizontal 
sweep. Thus, if a transition occurs while 
the spot is moving towards zero per cent 
on the scale the transition occurs ahead 
of the correct time. In this case a pip 
having a tail to the left will be produced, 
indicating marking bias 5 if the pip is up¬ 
wards and spacing end distortion 7 if tlu* 
pip is downwards. If a transition occurs 
while the spot is moving towards 50 per 
cent tm the scale, the transition occurs 


1*i:.\k Distortion* Circuit and 
Indication* 

The persisting indication of the peak 
value of distortion is obtained by causing 
each transition in the signal to open a 
gate valve, the right portion of tube 17, 
which in its closed condition suppresses 
the triangular voltage wave produced by 
the left portion of 17. The gating pulses 
arc obtained by rectifying the differen¬ 
tiated output of tube 17 by means of the 
diodes at IK The right portion of lube 17 
is rendered nonconducting by the gating 


moves back and forth alMtig the horizontal later than it should. In this case a pip 

axis of the tube in a linear fashion for each having a tail to tlu* right will result, in 

taxi it part of the signal, it is momentarily diluting spacing bias if the pip is upwards 

deflected upward or downward depending and marking end distortion if the pip is 

oxx whether the transit ion i . ‘.pact* to downwards, A legend showing this, 

xxxark or mark-tospiu-r. pip. are pro which is printed on the front of the set for 

duLced along the horizon! at trace a*, shown the guidance of the user, is shown in big. 

a/t JF y indicating tlu* t ime of or-current- v. of 5. 'Hie distortion is read as that imli* 

the transitions. If tin* transition:* occur rated at the time of the sudden upwards 

a/L their proper position*, i «oim distort ion t, or downwards change in spot position. 
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pulses. Accordingly, the voltage of the 
triangular wave at the time of occurrence 
of each transition in the signal is allowed 
to pass by the gate tube. This sample 
voltage is then impressed upon a cathode- 
follower tube, the right portion of tube 
V5, and then upon a peak-voltmeter cir¬ 
cuit containing a storage capacitor C and 
the left portion of V6, which is used as a 
diode. The output of the peak-voltmeter 
circuit is impressed upon the horizontal 
plates of the cathode-ray tube through a 
cathode follower, the right portion of V6. 
This causes the beam to be deflected by 
an amount corresponding to the peak 
value of distortion. The storage capac¬ 
itor is slowly discharged by high resist¬ 
ance El and the beam returns slowly to¬ 
wards zero if peak distortions of the same 
amount or larger do not follow immedi¬ 
ately. It may be returned to zero quickly 
by operating a reset button which con¬ 
nects a low resistance across the storage 
capacitor. 

Other Features 

The set has several additional interest¬ 
ing features which should be pointed 
out: 

1. It may be used at any speed between 
approximately 65 to 110 words per minute 
since this range is covered by each of the 
three speed-controlling potentiometers. 
Also, it may be used with 5- or-6-unit code 


signals having any speed within the range of 
the speed controls by merely adjusting the 
character and pulse-timing potentiometers 
so that the timers operate properly with the 
received signals. 

2. Three posts are provided at the rear of 
the set to which an external oscilloscope of 
any desired size may be connected to serve 
as an external distortion indicator. This is 
of some value in obtaining an enlarged indi¬ 
cation of distortion for use in demonstrations 
or even in the normal use of the set in the 
case of certain installations. 

3. An adjustable mirror is provided on the 
front of the set for the convenience of the 
user; see Fig. 1. By properly adjusting the 
position of the mirror the set may be used 
horizontally on a table with the observer 
looking down into the mirror, or it may be 
mounted vertically, as at a telegraph board 
position, in which case the mirror may be 
adjusted by each observer to accommodate 
his eye-level. The set may also be used 
horizontally at eye-level or tilted properly if 
below eye-level in which case the mirror is 
not used, i.e., the observer looks directly 
into the hood. 

4. Using the three posts on the rear of the 
set and an external cathode-follower of suffi¬ 
cient power capacity to operate a recording 
meter, a record may be made of the variation 
in the peak distortion with time. Such a 
circuit should, of course, have an automatic 
reset feature which will restore the peak indi¬ 
cation to zero periodically. 

Conclusions 

This new set is a striking example of 
what can be done in reducing size, weight, 


and cost using a new approach in circuit 
design and a moderate amount of minia¬ 
turization. The trial model set is but a 
small fraction of the size and weight of the 
118-type set 3 which is now generally used 
in the larger offices and yet it provides 
comparable features. An idea of the 
relative sizes of the two sets is afforded 
in Fig. 6 in which the model set is resting 
on the writing shelf of the 118-type set. 
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An Annular Wave-Guide Rotary 
Joint with Wave-Guide Feed 

LOUIS D. BREETZ . 

NONMEMBER AIEE 


HERE are many engineering prob¬ 
lems in the field of electronics which 
require a good method of transmitting 
radio frequency energy from a fixed unit 
to a rotating unit. For radio frequencies 
at which wave guides are normally em¬ 
ployed, the rotary joint herewith des¬ 
cribed is especially suitable, particularly 
where there is a multiplicity of independ¬ 
ent transmission lines involved in a rela- 
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tive motion; for example, in a radar or 
radio communications system where a 
combination of fixed and rotary trans¬ 
mission lines must be connected together. 

For this purpose a wave-guide rotary 
joint has been developed with wave¬ 
guide feed permitting continuous 360- 
degree rotation and the stacking of a 
number of joints with colinear axes. This 
type of joint permits multiple independ¬ 
ent channel transmission in view of the 
fact that the continuous 360-degree rotat¬ 
ing output (or input) feed arms will not 
interfere with the input (or output) feed 
arms. The joint is in the form of a ring 
wave guide bent in the E-plane with rela¬ 
tive motion of the feed arms about the 


circumference of the ring. Attached to 
the feed arms where they enter the ring 
are sets of fingers which extend across 
the guide at an angle to form a double¬ 
miter bend at the junction. When the 
feed arms are opposite one another, the 
adjacent sets of fingers fonn a power 
divider. The manner of voltage recom¬ 
bination at the output determines the 
band-pass characteristics of the joint. 

The joint is unique because of the 
method of transferring the radio fre¬ 
quency energy into and out of the ring 
guide. In an annular guide rotary joint, 
the main problem is to avoid improper 
operation at the positions of crossover 
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Fig. 2. Ring joint from wide side, showing 
the fingers and chokes. The inner ring with 
its fingers, chokes, and feed line rotates with 
respect to the outer ring and its feed line and 
fingers 



Fig. 3 (left). The 
fingers from the 
narrow side of 
guide in position 
of crossover 
arrows show rela¬ 
tive movement 


or where the input and output lines are 
in the same immediate vicinity. For 
limited bandwidths and low power levels 
this problem was satisfactorily met. 

The Wave Guide Rotary Joint 

The joint is made so that the wave 
guide is bent in the E-plane forming a 
complete ring. The wave-guide input 



Fig. 4. Inside view of joint showing construc¬ 
tion of fingers and chokes 


and output junctions are at the wide 
sides of the ring guide. At the junctions 
are sets of fingers directed at such an 
angle as to make E-plane bends for 
the feed lines going into the ring 
guide. The fingers on input and output 
guides are made so they can interleave, 
thus permitting 360-degree rotation. 
The bearing surfaces of rotation, which 
are at the edges of the wide side of the 
ring guide, are at regions of high current 
flow and hence chokes are required at the 
corners of the outer wide side. 

The fingers of the E-plane double-miter 
bends are set at about a 45-degree angle 
with the tangent to the circumference 
where the fingers enter the ring. The 
mean path length of the miter bend is 
nearly X ff /4. The exact angle of the 
fingers must be determined experimen¬ 
tally for the value that gives the least 
reflection at crossover, since such things 
as capacity between the sets of fingers 
and the possibility of the fingers not being 
parallel when fully meshed are suspected 
of having an effect on the operation. 

The model joint (Figs. 1 through 5) was 
made to perform at approximately 9,000 
megacycles. Using a guide of 0.90 inch 
by 0.40 inch, inside dimensions, it was 
found that the fingers 0.063 inch wide, 
consisting of six on one set and five on 
the other with 0.105-inch separation be¬ 
tween adjacent fingers, served satis¬ 
factorily. A distance of 0.03 inch be¬ 
tween the opposite side walls and the ends 
of the sets of fingers was sufficient. This 
arrangement gave satisfactory screening 
and interleaving. 

The chokes were X/2 deep and were 
made to bend with the ring guide around 
the circle so that the chokes were on the 
same radius as the bent guide. Through 
this arrangement the chokes and wave 
guide had the same circumference, which 
allowed the exciting waves of the wave 
guide to have the same phase relation¬ 
ship as the excited waves in the chokes. 
This phase coincidence cannot easily 
occur in an ET-plane-bend ring (H is 
magnetic intensity) where the inner and 




Fig. 5. Outside view of rotary joint showing 
feed lines 


outer chokes and the wave guide would 
have different circumferences. A model 
of the latter type was made and it was 
shown that the chokes and ring guide of 
unlike circumference actually gave in¬ 
ferior performance of the joint as against 
an JT-plane-bend ring without any chokes. 
The difference was found in the measure¬ 
ment of joint input impedance with rota¬ 
tion. (See Fig. 6.) 

The mean circumference of the ring 
guide is such that the mean path length 
Ex to Ft and mean path length E 8 to E a 
(Fig. 7) have a difference equal to an 
integral number of wave-guide wave 
lengths for the center operating frequency. 
Points Ei through Ft are mid-points in 
the cross sections of transmitting channels 
within the joint, and lines connecting 
these points are mean path lengths of 
transmission. In the crossover region, 
or when entrant and exit guides are over¬ 
lapping (the mid-position is sketched in 
Fig. 7) the fingers act as power and volt¬ 
age dividers with power and voltage di¬ 
vided as di/(di-{-d 6 ) and dt/(di+d*), where 
d\ through dt are lengths in the E-plane 
dimension of the cross section. 

The difference in the path lengths from 
Ei to E 4 and from E 5 to E« varies only 
slightly with degree of rotation at cross¬ 
over. For example, in the described 
model the difference in lengths from Ei 


Fig. 6 (right)* H-plane-bend ring joint: 
VSWR versus degrees rotation for oper¬ 
ation with and without half-wave chokes 
for the condition where the radii of the 
guide and chokes are unequal 
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Bandpass Problem 


6 




Fig. 7. Cross-section view of narrow side of 
ring guide showing mean path lengths at cross¬ 
over 



Fig. 8. Funicular diagram of voltages at output 
of joint 

to Fi and from F s to F 6 varies with d\ 
according to the following tabulation. 


di. 

Fi to Ft-Ft to Ft, 

inches 

inches 

0.4. 

.13.71 

0.3. 


0.2. 


0.1. 



The path length difference varies only 
0.4 per cent. (See Appendix I for deriva¬ 
tion.) In the model joint, the radius of 
the annular guide is 2.25 inches; the mean 
circumference is 14.1 inches, and the path- 
length Fi to F e is 0.56 inch. These 
dimensions give a path difference of 1.66 
inches, or 34.69 centimeters (cm) at mid¬ 
position. This path difference is exactly 
7\ e for a wave-guide wave length of 
4.954 cm (\=3.36 cm in air) which is 
therefore a center-operating wave length 
equivalent to a frequency of 8,918 me. 


At any noncrossover 'position, band¬ 
pass problems do not exist except those 
introduced by the chokes and wave 
guide. At crossover position the ar¬ 
rangement forms a power and voltage 
divider in which Pi and Pg, Fi and Vt are 
powers and voltage magnitudes corre¬ 
sponding to the two wave-guide paths 
whose E-plane dimensions are denoted 
by di and d s in Fig. 7. The power and 
voltage divide as follows: Pi/Ps= Vi/Vt 
—di/di. Assuming negligible dissipa¬ 
tion losses, the voltage magnitudes in the 
two paths at the place of recombination 
are the same as at the place of division, 
for the two paths. Also the real power 
entering the joint is equal to the real 
power leaving the joint. Whenever the 
voltages from the two paths at the place 
of recombination are of unlike phase 
which is always the case except when the 
difference in length of the two paths is an 
integral number of guide wave lengths, 
the maximum possible transfer of real 
power through the joint is not obtaina¬ 
ble. Any frequency change results in a 
phase change, and therefore a change in 
real power output. The power that is 
not accepted by the joint can be likened 
to power that is reflected at the entrance 
to the joint. If one assumes that there 
are no other reflections, the bandpass 
characteristic is dependent upon the way 
the phases of the voltages over the two 
paths recombine at the output as the 
guide wave length varies. 

The resultant voltage at the output is 
given by 

I V T \*= | F*i*+| V it \'+2\ V ai \\V di \ cos 0 (1) 
where 

[ Vt\ “magnitude of the output voltage 
j Vdi\ “magnitude of voltage from path 
whose E-dimension is di (Fig. 7) 

1 V&Ji “magnitude of voltage from path 
whose E-dimension in Fig. 7 is di 
0“ phase difference angle of Fdi and Vd t 

Fig. 8 shows a funicular diagram of 
these voltages. 

This equation may also be presented in 
terms of the phase-shift difference angle 
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Fig. 10. Bandwidth in terms of VSWR for 
joint where NXft,«=5 at 8,918 me 



Fig. 11. Bandwidth in terms of VSWR for 
joint where NX^ a “3 at 8,918 me 


of two waves originating from the same 
plane with nearly identical phase angles 
but reaching the same destination by two 
different path lengths. (See Appendix II 
for derivation.) 

|^r|*-|F <tl |*+|Ftf i |*+2|7 dl ||7*| 

-M?' 1 )] (2) 

The power accepted= PjPt — \ V T \ 2 
where incident power (P<) to the joint is 
considered as unit power and incident 
voltage ( F<) is considered as unit voltage 
corresponding to unit incident power, 
and where |F<rJ+|F,i,| = |F<|. Some 
acceptable value for PjPi determines 
bandwidth, i.e., semibandwidth is 

AX fl =Afl, —\ g L (3) 

-* 77 “ 1 -* 7 * 

where P a /P t — the right-hand member 
of equation 2. 

Since no power output is obtainable 
when two oppositely phased voltages are 
of equal magnitude, the worst case for 
consideration of bandwidth at crossover 
is when di=d 6 , as shown in Fig. 7, and 
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Fig. 9. Bandwidth In terms of VSWR for join 
where N\, 0 “7 at 8,918 me 


Fig. 12. Measured VSWR 
versus frequency at worst cross¬ 
over position for joint whose 
path-length difference is 7\ for 
8,918 me 
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STABILIZED 

Fig. 13 (above). VSWR PLANE 
versus degrees rotation 
at three frequencies 


where \ V dl \ = \V+\ =0.5. 
For the worst position 


^»0.5+0.6 cos 




The guide wave length corresponding to 
the acceptable value of PjPi=K from 
equation (4) is 

(s) 

2 tN +1 (5) 

Bandwidth is also expressible in terms 
of voltage standing wave ratio (VSWR) 
set up in a transmission line by the joint. 
If R is the permissible VSWR at the band- 
limiting frequency, then (See Appendix 
III for derivation.) 

-i W +1 

Xg 0 _ 

-J 8R it 

O,, 

2irN +l 

Measurements 

Figs. 9,10, and 11 show how bandwidth 
at worst crossover position of the feed 
line, in terms of VSWR each side of a 
center operating frequency, varies for 
different values of NK g ,, as calculated by 


Fig. 14 (left). Stabili¬ 
zation axis joint 


Fig. 15 (right). Sta¬ 
bilization axis joint 

the equation 6. 

Fig. 12 shows a plot of actual measured 
maximum VSWR versus frequency for 
the model whose ring circumference was 
14.1 inches and whose path length dif¬ 
ference (Fig. 7) Fi to Fi minus F 6 to F t , 
was 7X„ for 8,918 megacycles (me). This 
generally follows the calculated values 
plotted in Fig. 9. Fig. 13 shows a plot of 
VSWR versus rotation for three spot fre¬ 
quencies. The operation is seen to be 
satisfactory for receiving purposes for the 
entire 360-degree rotation. At noncross¬ 
over the joint is not frequency sensitive, 
and frequency limitations become those 
of the chokes and the guide itself. 

Although bandwidths are not extremely 
great when 360-degree rotation is 
required, the joint may prove useful when 
the bandwidth need be no wider than 
several hundred megacycles in the vicin¬ 
ity of 9,000 me. Receiving losses were 
about 0.2 decibels for noncrossover and 
0.5 decibels for crossover within the 
passband. 

At transmitter power levels the joint 
model handled about 200 kilowatts at 
noncrossover positions and 50 kilowatts 
at crossover before any evidence of volt¬ 
age breakdown occurred. 

Other Applications 

Figs. 14 and 15 show arrangements 
where the principle involved in the joint 


UNSTABLE 

PLANE 


can be adapted to use in a stabilized-to- 
unstabilized-plane coupling for multi¬ 
ple-transmission lines. It should be 
broad band since no crossover position is 
anticipated. Fig. 16 suggests an ar¬ 
rangement for a wave-guide switch. 

Appendix I 

Referring to Fig. 7, and assuming that the 
electrical path lengths closely follow the 
mean geometrical paths, the path lengths at 
crossover are as follows: 

nton-^y+(w- d * (?) 

F 2 to Ft=K—2w+di (8) 

|)* <•> 

K-2w+dx ( 10 ) 
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Iculated by where the principle involved in the joint Fig. 16. Wave-guide switching arrangement 
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F&to Fi-w^/2 (11) 

These equations are based on the fingers 
making a 45-degree angle with a tangent at 
the circumference where the fingers enter 
the ring. The path lengths defined are 
mean path lengths where 

w —width of narrow dimension of guide 
length in cross section along 5-plane di¬ 
mension according to Fig. 7 
K =mean circumference of the ring guide 


Appendix II 


The phase-shift angle of a wave traveling 
over a path of length l is The 

phase-shift difference angle of two such 
waves reaching the same point by two differ¬ 
ent paths when the guide wave length itself 
varies is 


where 


2a~(X g0 — X g )(/x — h) 


( 12 ) 


h and h are path lengths 
= guide wave length 

Xpo=guide wave length at center operating 
frequency 

phase-shift difference angle. 


If the two waves originate with identical 
phase angles, as is the case in the ring joint 
at maximum crossover position, and if at 
the center operating frequency they recom¬ 
bine in phase, the phase-shift difference 
angle <f> is also the phase angle between the 
two waves at the output of the joint. Also, 
li~h= iVXffo=constant, where N is an in¬ 
teger. Substituting N\g 0 for h—k in equa¬ 
tion 12 and then substituting this equation 
in equation 1 

KIH F*| 2 +| V dl \*+2\ V di \ | V at | 

ccsf 2 ^- 1 )] (13) 

Appendix III 


Vr 

VSWR—1 

5-1 

Vi 

VSWR-fl 

~5+1 


where 


Vr I = magnitude of reflected voltage 
"^“magnitude of incident voltage=unit 
voltage 

I V T \/\ Vi\ = magnitude of voltage-reflection 
coefficient 

5=permissible VSWR at the band-limiting 
frequency 


Where P T is reflected power and P r /Pi is 
power reflection coefficient 

^1^ 

II 

(IS) 

>\* 

II 

l-i 

1 

II 

(16) 

Pr |Fr| l 

Pi \v t \* 

(17) 

and from equations 14, 16, and 17 


/*-lV 45 

\R+lJ (5+-l)2 

(18) 


Substituting equation 18 into equation 5, 
the band limits are given by 
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A Tungsten Resistance Thermometer 
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Suitability of Tungsten 

T HE use of tungsten wire for the sens¬ 
ing element of a resistance thermom¬ 
eter is not new to the art. However, to 
the best knowledge of the authors, this 
thermometer. Fig. 1, is the first success¬ 
ful one with stabilities as good as, or bet¬ 
ter than, platinum. 

Tungsten offers many advantages as 
the sensing element of a resistance ther¬ 
mometer. Among these are its high melt¬ 
ing point, 3,380 degrees centigrade (C), 
and large change in resistance with tem¬ 
perature. It is also readily available from 
the manufacturers of electric light bulbs, 
in the form of high-purity ductile wire. 
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In processing the tungsten wire for use 
in the resistance thermometer, use is made 
of the fact that its temperature coefficient 
of resistance is a function 1 of the anneal¬ 
ing temperature. High-quality resistance 
thermometers using other metals gener¬ 
ally depend upon a costly selection proc¬ 
ess to obtain wire with the precise co¬ 
efficient necessary to maintain the de¬ 
sired calibration accuracy. The tempera¬ 
ture coefficient which has been selected 
for the tungsten thermometer is obtained 
by an annealing temperature well out¬ 
side its operating range, in order to pre¬ 
vent further changes during normal use. 

The linearity of the temperature-re¬ 
sistance curve is also an important factor 
in a resistance thermometer. Fig. 2 
shows the departure from linearity of 
tungsten as compared to several other 
metals commonly used. The curves were 
determined by assuming a linear relation¬ 
ship between the 0 and the 100 C points 
and then noting the departure from this 
arbitrary relationship at all other points. 
The departure from linearity has been 


converted from resistance to degrees 
centigrade for convenience. It will be 
noted that the linearity of tungsten is 
within the range of materials now being 
used. 

Tungsten has to be protected by an in¬ 
ert atmosphere in order to prevent reac¬ 
tion with the surrounding media. This 
fact does not prove to be a disadvantage, 
since it is necessary to hermetically seal 
the bulb for low-temperature operation, 
and the use of helium as the inert gas im¬ 
proves the thermal response of the bulb. 
Helium gas also has the property of not 
diffusing through the metal wall. 2 The 
loss of helium through the glass of the seal 
is negligible because of the small area in¬ 
volved. 


Description 

Fig. 3 illustrates the mechanical con¬ 
struction of the thermometer. The coiled 



Fig 1. The tungsten resistance thermometer 
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TEMPERATURE DEG C 



Fig. 4. Curve of annealing temperature versus temperature 
coefficient for tungsten wire as used in the thermometer 


Fig. 2. Curves showing linearity of resistance versus temperature as re¬ 


ferred to a theoretical straight-line relationship 


tungsten wire is wound onto a ceramic 
form with nickel leads attached by welded 
“wrap-around" pieces as shown. The 
tungsten is attached to the nickel lead 
wires by a special welding technique to 
produce low-resistance high-stability, con¬ 
nections. The third lead of the 3-wire 
bulb is welded to one of the other leads 
as close to the ceramic form as feasible. 

The nickel leads are then cut to the de¬ 
sired length and welded to the hermetic- 
seal leads. This whole assembly is then 
placed into the head and tube assembly, 
and the hermetic seal soldered or brazed 
to the brass head. The tungsten-wound 


between 0 and 100 C 


ceramic form is spaced from the inside 
wall of the tubing by means of projec¬ 
tions at each end of the ceramic piece. 
The thermometer is now ready to be cali¬ 
brated and adjusted. 

In the manufacture of a resistance ther¬ 
mometer three qualities of the resistance 
element must be established. These 
are: 

1. The resistance-temperature coefficient; 

2. The resistance at some reference tem¬ 
perature; 

3. The stability. 

The first adjustment to the bulb is made 




WIRE 


Fig. 3. Construction details of the tungsten resistance thermometer 


by placing the assembly in an annealing 
furnace to set the temperature coefficient. 

Smithells 1 has shown that the tempera¬ 
ture coefficient of resistivity of tungsten 
after cold work increases with the an¬ 
nealing temperature from about 0.36 up 
to 0.49 per cent per C, at 2,500 C. Fig. 4 
shows the relationship the authors have 
found between coefficient and annealing 
temperature for the tungsten wire as used 
in the thermometer. It has proved to be 
practical to anneal to a predetermined 
temperature and thus adjust the tem¬ 
perature coefficient to the required ac¬ 
curacy. The time and temperature of the 
anneal are initially chosen to provide ade¬ 
quate stability within the temperature 
rating of the thermometer, and the tem¬ 
perature coefficient thus established is 
maintained by suitable control of the an¬ 
neal. 

The resistance adjustment of resistance 
thermometers is usually performed me¬ 
chanically. The wire is cut to give the 
proper value or has its cross section re¬ 
duced by filing after the anneal. This ad¬ 
justment process results in further strain, 
which must be removed by additional 
annealing before stability is assured. This 
can be a long and difficult process when * 
high precision is desired. It has been 
found possible to adjust the tungsten 
bulb by a chemical process which can be 
carried out almost automatically. This 
adjustment follows the annealing pre¬ 
viously described and is also done on the 
complete assembly, with the tungsten 
sensing element inside the stainless-steel 
tube. Extremely high adjustment ac¬ 
curacy is possible, and the advantages 
over the mechanical method are readily 
apparent. 

At the completion of the coefficient and 
resistance adjustment, the bulbs are 
filled with a fine ceramic powder, which is 
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TEMPERATURE DEG C 

Fig. 5. Total calibration error in four tungsten resistance ther¬ 
mometers 



Fig. 6. Portion of calibration error in four tungsten ther¬ 
mometers caused only by variation in temperature coefficient 



Fig. 8 (above). Stabil¬ 
ity tests showing varia- lon S P eriods of time. In general, resist- 

tion of resistance at 0 ance thermometers show increasing in- 

C after exposure to stabilities at higher temperatures. For 
300 C this reason, stability tests were conducted 

at the maximum rated temperature of the 


poured in through the seal tube. This 
powder is packed as tightly as possible by 
vibrating the tube during filling. The 
air remaining in the voids of the filling is 
then pumped out and replaced with pure 
helium gas, and the thermometer is ready 
for use. 

Test Results 

Fig. 5 shows the actual calibration er¬ 
rors of four experimental tungsten re¬ 
sistance thermometers manufactured as 
outlined above. Actual stated accu racies 
of these thermometers, if sold as commer¬ 
cial products, will of course exceed these 
figures. However, the results do indicate 
the accuracies that can be attained with 
moderate care. Calibration charts have 
been calculated over the —200 to 300 C 
range, from the familiar relationship 
Rt— •^o(l+>4f+J5f 2 -|-...). Maximum ac¬ 
curacy has been obtained by breaking up 
the calibration curves into two parts, one 
extending from -200 to 0 C and the 
other from 0 to 300 C. Suitable A and B 
constants were chosen for each of the two 
portions, to give maximum correlation 
with the observed results at specific tem¬ 


peratures, well scattered through the two 
ranges. The maximum deviation of the 
observed values from the calculated equa¬ 
tion values was 0.005 C. 

It is interesting to separate the cali¬ 
bration error of these bulbs into that 
amount due to incorrect temperature co¬ 
efficient and that amount due to incor¬ 
rect resistance adjustment. In order to 
do this, it is necessary to mathpmg.t i paiiy 
correct the resistance to the exact adjust¬ 
ment value, and observe the residual 
error which is due solely to an incorrect 
coefficient. Fig. 6 shows the results of 
this computation, and illustrates the ef¬ 
fectiveness of the temperature-coefficient 
setting procedure. 

The difference in the total calibration 
errors of Fig. 5 and the errors shown in 
Fig. 6 are caused by deviations in the re¬ 
sistance adjustment. Fig. 7 shows the er¬ 
rors that would be found at various tem¬ 
peratures for three different errors in re¬ 
sistance adjustment at the 0 C point. The 
errors in resistance adjustment have been 
converted to corresponding temperature 
errors. 

In addition to accurate initial readings, 
the bulbs must maintain accuracies for 



TEMPERATURE DEG C 


Fig. 7. Calibration errors as 
affected by accuracy of resist¬ 
ance adjustment at 0 C 


thermometer. Fig. 8 shows the change in 
calibration at the 0 C point after exposture 
to 300 C for the hours indicated. The 
errors shown include both changes in re¬ 
sistance and changes in the temperature 
coefficient. The changes in the tempera¬ 
ture coefficient were measured separately 
at the end of the test shown in Fig. 8. A 
maximum change in resistance coefficient 
(per cent per C) of 0.0004, a minimum of 
0.0000, and an average of 0.0002, were 
noted. 

During the stability tests shown in Fig. 
8, a standardized platinum bulb was used 
as a reference to check the test equipment 
and the 0 C reference temperature. It 
was interesting to observe that the best 
of the tungsten thermometers often 
showed greater stability between tests 
than the platinum standard. This was 
additionally impressive, since the plati¬ 
num standard was maintained at room 
temperature, while the tungsten units 
were at 300 C! 

The average response time of the bulbs, 
as defined by a 63-per-cent resistance 
change from 100 to 0 C, was 3.5 seconds. 
Smaller - diameter experimental bulbs, 
with a response time of less than 2 seconds 
have been built using the same construc¬ 
tion principles. 

Conclusions 

Data has been presented to show the 
performance of a successful tungsten re¬ 
sistance thermometer which has been 
calibrated and adjusted by a unique 
method. In order to accomplish this it 
was necessary to develop new techniques. 
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including a welding method which would 
produce low-resistance high-stability con¬ 
nections between the tungsten and nickel 
lead wires. More important, however, is 
the fact that tungsten has been success¬ 
fully used in a commercial precision re¬ 
sistance thermometer for the first time. 
Although the present upper temperature 
rating is 300 C, this is not an inherent 
limitation in the sensing material, and 
progress is already being made in increas¬ 
ing this temperature. 

The inherent temperature limitations of 


the commonly used metals, such as cop¬ 
per, platinum, nickel, etc., are well known. 
The best of these materials, platinum, has 
an upper range of approximately 600 C. 
However, experiments conducted with 
tungsten show excellent stability at tem¬ 
peratures up to 1000 C. Since the range 
is no longer limited by the inherent prop¬ 
erties of the sensing element material, it 
can be expected that the upper tempera¬ 
ture limit of resistance thermometers will 
be increased during the next few years. 
With the availability of better resistance 

No Discussion 


thermometers, many new applications 
will be able to realize the better accu¬ 
racy, better stability, and lower over-all 
cost of resistance thermometer equip¬ 
ment. 
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A MPLIFIERS for use in automatic 
control systems should feature high 
gain, high-power output, and fast re¬ 
sponse along with light weight and relia¬ 
ble operation. In electrical systems mag¬ 
netic amplifiers are gaining favor because 
of their rugged construction, but until 
recently the response time of magnetic 
amplifiers has been relatively unsatis¬ 
factory for small servo systems. Ampli¬ 
fiers are often characterized by a time 
constant, but for carrier devices the num¬ 
ber of cycles for 100 per cent response is 
sometimes a preferable characterization. 
In an elementary carrier type amplifier 
100 per cent response can be obtained 
in 1/2 to 3/2 cycles depending on the time 
within the cycle at which the input change 
is applied. Gas tubes, for instance, 
achieve this result. This general be¬ 
havior is often spoken of as single-cycle 
or half-cycle response. In this paper fast- 
response magnetic amplifiers are con¬ 
sidered to be those which respond fully 
to an input change within 2 cycles of the 
carrier frequency. 

Conventional self-saturating or external 
feedback amplifiers respond exponentially 
to a step change in input. If the attain¬ 
ment of 95 per cent of the ultimate value 
is considered full response, some of these 
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amplifiers can be made to satisfy the 
above definition but only by sacrificing 
power gain. The load and control cir¬ 
cuits are mutually coupled at all times, 
and this results in a relationship between 
power gain and time constant. 

The elementary half-wave self-saturat- 
ing magnetic amplifier inherently re¬ 
sponds fully within 2 cycles since a refer¬ 
ence condition is established each cycle. 
During load current conduction, the 
control circuit inductance approaches 
zero and the control current thus becomes 
dependent only on the control voltage 
and circuit resistance. In this ampli- 


a, b, c, d, e,f, subscripts indicating time 
sequence 

A “load winding conductor cross section, 
circular mils (CM) 

.dc^core cross section, inches 2 
A w =usable window area, inches 2 
•4 »c “control winding area inches 2 

control winding conductor cross 
' section, CM 

B g “flux density at saturation 
« supply voltage 
c 0 =output voltage 
e„ = signal voltage 
.fiao “ peak supply voltage 
E„ = peak output voltage 
Eg = peak signal voltage 
G= voltage gain 

G"max=maximum realizable voltage gain 
Gr “realizable gain 

7f=magnetizing force, ampere-turns per 
inch 

H c =coercive force, ampere-turns per inch at 
the power frequency 

1 **“ control circuit magnetizing current, 
amperes 


fier, for a short period during each cycle, 
the control and load circuits are not 
mutually coupled, and this allows full 
response within, at most, 2 cycles. The 
degree of coupling affects the gain but 
not the response time. This mode of 
operation was recognized by Lufcy, et 
al, 1 and used in a fast-response 
magnetic servoamplifier. 

A third fast-response magnetic am¬ 
plifier was introduced by Ramey 2 ' 3 * 4 
in which the load and control circuits are 
hot mutually coupled in the usual sense. 
Instead they operate on the magnetic 
state of the core on a time-sharing basis. 
This paper considers the time response 
and the operation of the basic Ramey cir¬ 
cuit. The effects of control circuit re¬ 
sistance and winding limitations on the 
linearity, maximum realizable voltage 
gain, and power output are discussed in 
detail and compared with experimental 


Iq “load circuit current, amperes 
J “ current density, amperes per CM 
k =peak volts per turn 
K =fraction of window area for load winding 
1 , 0 =mean length of flux path, inches 
L t —mean length of turn, feet 
« =(No/N 0 )=turns ratio 
N ( =control-winding turns 
No “ load-winding turns 
Pier —power output, direct current (con¬ 
duction angle “t) 

Pdo “ power output, direct current (watts) 
Rct —total control circuit resistance 
i?z=load resistance 

load-winding resistance 
/“time 

T “period of supply voltage (sec) 
v c ~ control-winding voltage 
Vo =load-winding voltage 
X, see equation 24(A) 
p=resistivity, ohm-CM per foot 
A^“ increment of flux (maxwells) 

«/>=flux (maxwells) 

^“saturation flux (maxwells) 
co“angular frequency of supply voltage 


Nomenclature 
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Fig. 1. Ideal circuit 


data. The maximum gain and power 
output are expressed in terms of core 
dimensions and material constants. 

Idealized Circuit Operation and Gain 

The relations describing the operation 
of the ideal circuit are derived to facili¬ 
tate the later treatment of the more diffi¬ 
cult nonideal circuit. The operation is 
described under the following assump¬ 
tions: 

1. The core displays a rectangular flux- 
current loop of negligible width, i 

2. Ideal rectifiers - are used. 

3. The voltage sources are sinusoi dal . 

4. The winding resistances are zero. 

5. Steady-state operation exists. 


At time ta as shown in Fig. 3, the positive 
half-cycle ends and the flux remains at 
some point d (see Fig. 2) determined by 
equations 1 and 2. The flux is not zero 
since the core material is capable of act¬ 
ing as a permanent magnet. This entire 
process is known as resetting the flux, and 
this half-cycle is called the reset time. 

During the negative half-cycle of sup¬ 
ply voltage, the rectifier DRi is blocked, 
but the load circuit is operative. With 
reference to Figs. 1 and 3, the following 
equations hold during the negative half¬ 
cycle. 

<?«=■ — »fiaa + t»O«=0 \ (3) 

<•> 

The core saturates at time t/ determined 
by 

A<^d/=0 (5) 

and until the end of the half-cycle 

&0 = ftScLCf tf^.t^tg (fi) 

By substituting 

— Eae Sin ut 
e s =E s sin ut 
t a =0 

ta = ir/u seconds . 
t 0 =2ir/u seconds 



voltage and A(j> df is obtained. 


P2*/m r 

i 6gdt 88 / 

Jr/u Jt/ 

nr r 
I vadt— I 

J t/w Jtf 


nEno sin utdt+ 


NoA<f>a/ 

10 * 


(9) 


Equations 8 and 9 then yield 


L 


W« -f2»J5»o 2»Eao 

e,,dt— -(- 

*/« * « 


2nE s 2nE s 


( 10 ) 


The average output voltage is given by 

r Jo 2 Vt/ U * 

( 11 ) 


The basic circuit is'shown in Fig. 1 
and the assumed flux-current loop in 
Fig. 2. The voltages <j ao and are 
sinusoidal, while e 3 is a half-wave recti¬ 
fied sinusoid. In this paper e s is con¬ 
sidered to be the signal voltage. The 
ideal rectifiers are designated DR and 
DR%. 

The initial flux is chosen at point a in 
Fig. 2 since this point is common to all 
cycles during operation of the circuit. 
The control and load functions can be 
considered individually, since, during the 
entire positive half-cycle of supply volt¬ 
age, the rectifier DR t is blocked and hence 
no voltage or current is supplied to the 
load. In the control circuit, however, a 
voltage (e A0 —e s ) appears across the con¬ 
trol winding. The resulting flux change 
can be obtained from Faraday’s law 

Vc^eto-eg ) (X) 

(a) 

The voltage magnitude restriction is 
satisfied in conventional circuit operation. 



Fig. 2. Ideal 
flux-current loop 


Equations 1 through 6 can be solved for 
e 0 in terms of e, and e» 0 . Equations 1 
and 2 give the amount of flux resetting. 


10* /*»■/« 

&<i>ad — — —J (E» c —Eg) sin utdt 


10 * 


(?) 


Using equation 5 the flux change during 
the load half cycle is determined 


10 * 

A ^/»—2(Em,— Eg) 


( 8 ) 


If equation 3 is integrated, equation 4 
may be substituted for the integral of 
v a and an expression involving the output 



Since the average value of the half-wave 
rectified signal voltage is Eg/r, equation 
11 may be expressed as 

Eo »v =-\-nEg av (12) 

which describes the output-input or trans¬ 
fer curve of the amplifier. 

The voltage gain will be defined as the 
slope of the transfer curve. 


dEp ay 
dEg ay 



(13) 


The voltage gain is thus seen to be directly 
proportional to the turns ratio. Under 
ideal conditions it would be desirable to 
make Ng as large and N c as small as 
possible. The transfer and gain curves 
expressed by equations 12 and 13 are 
shown in Figs. 4 and 5. 

Under the assumptions made, there is 
no control current and hence no power 
input; therefore, power, current, and 
ampere-turn gain are meaningless. Note 
that the derivation required that the 
entire voltage (e^—e s ) appear across the 
control winding. This can be accom¬ 
plished only by using a perfect voltage 
source and a zero resistance circuit, or 
by using an imperfect source supplying 
no current. 

It is the time integral of e t that con¬ 
trols the average output voltage. The 
time for 100 per cent response is maxi- 
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Fig. 5. Ideal gain curve 


mized at 2 cycles for a change in e s at 
and minimized at 1/2 cycle for a 
change in e s at t—t a —. For circuits 
using more than one basic amplifier, this 
response time can be reduced. 

Gain Under Nonideal Conditions 

Control Circuit Resistance and Core 
Loss Effects 

The previous gain derivation involved 
a lossless core and a perfect voltage source. 
Neither of these conditions is likely to 
be met in practice. Commercially avail¬ 
able core materials such as Deltamax, 
Hypemik V, Orthonik, Orthonol, Per- 
meron, etc., exhibit flux-current loops with 
extremely steep sides and a width which 
is nearly constant 6 -®' 7 at power frequen¬ 
cies commonly used in control equipment. 
The area of the loop is indicative of the 
loss per cycle. The assumption of per¬ 
fect rectifiers is more nearly met, but it 
is required that the maximum reverse 
current of the rectifier be less than half 
the width of the flux-current loop to 
avoid spurious resetting action. 

The purpose of this section is to deter¬ 
mine the effect of core loss and control 
source resistance on the transfer and gain 
curves with particular emphasis on the 
gain and its limitations. 

The assumptions made are: 

1. The core displays a rectangular flux- 
current loop with constant width for partial 
flux excursions. 

2. Ideal rectifiers are used. 


The magnetizing current I m is defined by 

(16) 


where L+ is the mean length of the mag¬ 
netic flux path. 

The flux positions and wave forms are 
shown in Figs. 6 and 8. At time t a> 
the beginning of the reset half-cycle, the 
current I m will rise, limited only by re¬ 
sistance R c t, until time 4 when the side 
of the flux-current loop is reached. At 
this time 


25 *«—Eg 
Rot 


sin o>t b =T n = 


N e 


(17) 


The control current will remain at this 
value until time 4 near the end of the 
half-cycle since the incremental induct¬ 
ance is extremely large. The current then 
decreases to zero with the applied volt¬ 
age. During the time interval t b <t<t e , a 
voltage will appear across the control 
winding and the core flux will change ac¬ 
cording to equations 14 and 15. From 
equation 17 



ImR-cT 
22*0 — 22 $ 


in quadrant 1 


(17A) 


Similarly 


j 1 • ImRcT V , . ^ 

/ c *=- sm 1 —-— «* —4 in quadrant 2 

a £u — JSj <o 

(17B) 

The manipulation to find the flux change 
during reset from equation 15 is carried 
out in Appendix I and results in 

A$ a <j *= rrlO s (£I»o—22*)X 

wN 0 

£cos a>4 ~ — «4^ sin C 04 J (18) 

At time 4 the half-cycle ends and the 
flux remains at some point determined 
by equation 18. 

When the negative half-cycle is applied, 
the current I a rises, limited only by the 
resistance in the load circuit, until time 
4 when 


3. The voltage sources are sinusoidal. 

4. Steady-state operation exists. 


n 22 *0 sin utg . r 

51 u 



(15) 


The assumed flux-current loop is shown 
in Fig. 6 and the circuit in Fig, 7. All 
control circuit resistance is lumped into 
R e r and assumed constant. This in¬ 
cludes source resistance, winding resist¬ 
ance, and rectifier forward resistance. 

The circuit equations for Fig. 7 for 
the positive or reset half cycle are 

(22*o— E s ) sin o)t*=v c -bI m R C T (14) 

and 

10® r td 

A^ a d=>—— / v c dt (15) 


At this time, voltage begins to appear 



Fig. 6. Assumed flux-current loop 

Lower case letters correspond to time sub¬ 
scripts in Fig. 8 



across the load winding Ng and 
following equations hold 

the 

ne M -va—e 0 

( 20 ) 

10® r lf 

Wdf** —— / Vgdt 

N *Jt t 

(21) 

At t—tf, saturation occurs since 


A0ad+A^/=*O 

(22) 

and thereafter 



(23) 


At the end of the half-cycle core flux is 
again at point a in Fig. 6. 

Solution of these equations for Eq *y 
is carried out in Appendix II and the 
result is 

| —=n\ 1- (1 - Vl-X* - 

xZrao av L ( 

(-- sin- *)*[] (24) 

where 


X • 


HeLfyRe T 


kNcKl-EJEn) 


sin <04 


(24A) 


The per unit transfer curves defined by 
equation 24 are plotted in Fig. 9 for dif¬ 
ferent R cT . The loss in linearity and 
shift in operating point as R cT is increased 
are readily seen, while the change in 
slope is not as apparent. 

The gain of the circuit under these 
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Fig, 9. Output-input transfer curves 


Fig. 10. Gain versus control turns with R 0 T[H 0 L/k] as a parameter 


conditions is again (dE 0 1V )/ (dE 3 »») and 
is obtained from equation 24 in Appendix 
III. The gain is 

G=nV l-X*=^X 

(25 > 

H c Lf/k is a function of the core only and 
R oT is a constant depending on the choice 
of control source. Equation 26 illustrates 
how gain per load turn varies with N 0 for 
zero signal and different values of the con¬ 
stant HcL^Rer/k and is shown in Fig. 10. 




HcL+Rct 

kNS 


It is evident that with a fixed core, a 
fixed Rgr, and the zero signal condition, 
there exists a maximum gain to be ob¬ 
tained by varying N e . As shown in 
Appendix IV, the required number of 
control turns for maximum gain is 

c ^S l / ^ HcL f^ T (27) 

The resulting maximum gain is found by 
substituting in equation 26 and results in 


N 0m „ \ 




Load-Winding Limitations 

The previous work indicates that a 
maximum number of load turns is desira¬ 
ble but, because the gain is a function of 
load-winding resistance, an optimum 
figure for N G may also be determined. 

With a given core and the control wind¬ 
ing in place, a fixed window area remains 
for the load winding. Theoretically the 
control winding window area is given by 

(»> 


Since NJ m is a constant of the core used, 
Awe is a constant for a given J. The 
called-for wire size is often much too 
small for practical use so that the control 
winding area is greater than indicated 
above. In cases of low Re T the control 
winding area is often a negligible part of 
the available window area. 

The resistance of the load winding is 


while the winding area required must be 
equal to or less than that available 

(3,) 

Thus the load-winding resistance is pro¬ 
portional to Ng* as shown in equation 32 

< S2) 

The inequality indicates that if the win¬ 
dow area is not filled R w may be greater 
than the minimum obtainable for that 
value of Nq. 

The realized voltage gain is R L / (Ru+Rl) 
of the theoretical gain since R w has not 
been taken into account. Thus from 
equation 26 the realized gain becomes 

Gr — — Nor -———— 

Na Rw\-Rl Nc 


realizable voltage gain becomes from 
equations 28, 33, and 34 


/, T H c L < f > R 0 T~\ z NqRl 

TTnuy-J r; us* * 

10 * 

If this expression is maximized with re¬ 
spect to N g it is found that 




for maximum voltage gain by load circuit 
design. This also means Rw=R L from 
equation \ 32. The over-all maximum 


=3' s/4 10 s 


I 2k KAwRl 
\ H 0 L$ pLtir R c t 


Equation 27 shows the way in which to 
achieve maximum gain through control 
circuit design, while equation 34 again 
maximizes gain for load circuit design. 
If the validity of the assumptions is kept 
in mind, equation 35 shows the maximum 
gain to be expected. 

Example 

To illustrate the method for obtaining 
maximum voltage gain, an available 
toroidal core will be chosen for an exam¬ 
ple (Arnold Engineering Company Del- 
tamax no. 4180). The constants are 
approximately 

Lj,— 8.65 inches 

ampere-turns 
i,ch 

A e =0.125 inch* 

_ „ kilolines 
Ba — 90.3 r r 

inches 2 

peak volts 

k— 0.0425 •—— at 60 cycles per second 
A u =2.84 inches* 

The actual window area for this core 
is 4.37 inches, 2 but only 2.84 inches 2 is 
usable allowing for winding machine re¬ 
quirements. This allowance must be 
determined by experience. With an 
assumed total source resistance of 20 
ohms, equations 27 and 28 lead to 

N e =69 turns 


— =1.18X10“* per load turn 

Assuming R L equal to 100 ohms a maxi¬ 
mum N a is desired within the available 
window area and with R W =R L . The 
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69-turn control-winding will take very 
little area and, if the usable window area 
is completely filled with the load winding 
(no insulation allowance) and if a conserv¬ 
ative 4-inch mean length per turn is 
chosen, the £?max from equation 35 be¬ 
comes 60.2. From equation 34, N a is 
10 , 200 . 

Using a standard wire table which 
allows for wire insulation 8 and random 
winding practice, N a may be approxi¬ 
mately 6,900 turns of no. 25 enameled wire 
with R w = 74.5 ohms, or 8,750 turns of 
no. 26 enameled wire with Rw —119 ohms. 
Choosing the latter, the supply voltage 
ne &c is 275 volts rms and the realized gain 
is by equation 33 

6*=47.2 

It is 46.5 for the larger wire. This gives 
the approximate voltage gain to be ex¬ 
pected using the assumed circuit and 
components. 

Power Output 

Where the magnetic amplifier is to 
deliver appreciable average power, the 
current-carrying capacity of the wire in 
the load-winding becomes important. 
The use of realistic figures for the current 
density J in the load winding will require 
that the output of the maximum voltage 
gain amplifier be limited to a small frac¬ 
tion of its maximum possible voltage 
output, i.e., the conduction angle must be 
much less than t radians. This results 
in an even smaller fraction of the maxi¬ 
mum possible power output into a given 
load. It will be shown that a small sacri¬ 
fice in voltage gain can result in a con¬ 
siderable increase in power output. 

The useful power output is assumed to 
be due to the direct-current component. 
This assumption may not be justified in 
many cases. For complete half-cycle 
conduction into the load 



By substituting for nE h0 and for R w from 
equation 32 Pda* may be expressed in 
terms of the core constants and N a . 


Pdcir — 


kN a 




pLn r 


JL4 tt 4X10 6 


N a ^j 


*Rl (37) 


In obtaining this power output, the 
current-carrying capacity of the load 
winding N a must be considered. If the 
allowable current density is J, the maxi¬ 
mum current is 


Irv max = J A (38) 

In selecting J consideration must be given 
to the heating effect of harmonic currents. 
From equation 31 there can be N G —KA W 
4X10 8 /M?r turns in a given window area 
KA W . Equation 38 becomes 


with the allowable power output due to 
current density limitations. Solution of 
equation 41 for N G will locate the inter¬ 
section of the two curves and is 


(pu N g )* 


irJpLt/k 
1 — vJpLt/k 


(43) 


The solid curve indicates the per unit 
voltage gain where unit gain is given by 
equation 35. The curves show that, if N a 
is halved and the wire size increased to fill 
the window area, a 20-per-cent loss in 
voltage gain is suffered but that the maxi¬ 
mum allowable power output has been in¬ 
creased for common values of the param¬ 
eter k/JirpL t . 

For the example previously considered 
{N a — 10,200) the per unit gain is 1 (cor¬ 
responding to 60.2) but the allowable per 
unit power with J r =10~ 8 is only 0.356 
(17 watts). 

If equation 43 is satisfied 


Trv max ^ 


JKAuAXlO* 

No* 


(39) 


which determines an upper limit for the 
power output. Thus 


Pd,x = 


kN a 


’r^P.L + 


)J 

L Not J 


Rl 


KA U 4X10* 
4JKA 


Ri (40) 


This may be expressed in per unit values 

. „ , 4(puiVo)» X rJpLt ~| a 

(P» do*) { 1 +(p U 17o)*| 8 4 UKpuN 0 )J 

(41) 


Unit N a is given by equation 34 and unit 
Pdc T is found by substituting unit N a 
in equation 37 


unit Pdo *35 


ir l pLt 


( 42 ) 


The per unit power output is shown in 
Fig. 11 as a function of (pui7 0 ) s along 


1 

3 91 

(pu No )*-—=0.365 (44) 

1 ~3M 

N a = 10,200Va355=6,080 

the gain becomes 0.88 while the power 
output becomes 0.78 (37.2 watts). This 
is a desirable compromise in many cases. 

With American Wire Gauge wire sizes 
and including allowance for random wind¬ 
ing, the foregoing figures cannot be real¬ 
ized. Fig. 12 shows the gain and power 
output for this case. No. 23 wire gives 
maximum power output of 0.430 (20.5 
watts) while the voltage gain is 0.657 
(39.5). The decrease is due to the insula¬ 
tion and commercial practice allowances. 

Remarks 

. The circuit considered is one of the 
basic high-speed magnetic amplifiers. It 
allows the control and load circuit de- 




Fig. 12. Voltage gain and power output for a random wound toroid 
using American Wire Gauge wire 
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signs to be considered separately since 
they operate on the core on a time¬ 
sharing basis. 

Maximum voltage gain by control cir¬ 
cuit design is obtained by selecting a 
rectangular flux-current-loop core ma¬ 
terial with a minimum coercive force and a 
maximum of flux-carrying capacity. The 
flux may be increased by increasing the 
width of the toroid but this reduces the 
effective reqtangularity of the flux-cur¬ 
rent loop. 6 ' 7 An increase in height re¬ 
sults in a larger mean length of turn. 
With a given core a method of designing 
for maximum voltage gain is pre sent ed. 
This gain is proportional to 1/Vj?^. 

Load circuit design is dependent on the 
winding area available and because of 
this restriction, maximum voltage gain is 
achieved by equating R w to The 
maximum gain is proportional to 
Gains of the order of 45 are practicable 
with R l of 100 ohms and with a control 
circuit resistance of 20 ohms. 

In Fig. 10, an experimental curve of 
gain per load turn is plotted for the core 
used in the example and for HcLR^/k— 
:10 6 /V2. The comparison shows some 
discrepancy between the theoretical and 
experimental maximum gain but the 
number of control' turns required to ob¬ 
tain maximum gain compares favorably 
considering the departures of the physical 
circuit from the theoretical assumptions. 

The maximum power output is usually 
limited by the allowable current density 
in the load winding. If a small sacrifice 
is made in voltage gain, the maximum 
power output may be greatly increased. 
In the example presented, a theoretical 
increase in maximum power output from 
17 to 37.2 watts is obtained by accepting 
a voltage gain 88 per cent of the maxi¬ 
mum of 60.2. 


Appendix I 

The flux change during reset for the non¬ 
ideal case is found by solving equation 14 for 
v e , substituting in equation 15 and integrat¬ 
ing 


A4>ad = — 


(£u~*£|) sm uidt— 


ImRcrdt 


IQf (E„-E s 

iv!*~ « 

r 

2i J {Ett «— Ej) si 


- E :,) K" 

-— cos cot — 


) sin cotdt — 






Emt-E, 

E,)+ 2—- f X 

to 


(COS cotf, — 1) — ImR-critc ' 


V 

t e = - t b 

to 


and from equation 17 
ImRcT = (■£»« — E/i) sin colb 


10*r2 £ao-£. 

= ^E„-E,)+2— - ! X 

(cos utb —1)—(22» o •— —2lb^ X 

sin «4^J 

> ——— 10*(i2»e— Et)\ 1-|- cos utb —1 — 
uN e l 

— utb^ sin wfjj - (18) 


Atf>ai— -—10®(£*o— E,) X 

uNe 


{cos utb — ~ utb^ sin cafe) 


Appendix II 


From equation 20 


■- f 


*2 t /<* /* 2 ir/a 

o> / 

eodt-— I X 

•/a 


( va—ne u )dt 


For k volts per turn 

. . ImRcT H c LRct _„ 

sm utb =» “ . / -a, \ —X 


* * 4 - 1 )' 


COS aljavl-P 


Substituting from equation 21 
M f _ Atj>ifNo 2«-E»o ~l 

^"“ 24 ” 10 » + « J 

From equations 22 and 18 

J . / v , \ . . 1 , 2 «F»o *] 

■s cos utb —I g — utb J sin«4M- 

■jcos utb—(~—utbJ sin wJ&IJ 


■jcos utb —sin j> J 

But from l7o and 17 

• t ImRcT HqLqRct 
8mw ^“£ w -^“ S JV 6 C£ M -£,) 


ifr.-{ 4 -i) x 

sin-^X^Jr^J (24) 

Appendix III 

The voltage gain is found by differentiat¬ 
ing equation 24. 

dE$ av ,E S L 

a — 
v 

x(~~ sin-i^-CEac -E S )X 

KvfSsS)] 

But 

dX_ ImRcT _ X 
dEr(E*-E,)~E> 0 -E, 

Substituting into the expression for G, the 
result is 

G-nV^-n. I l~l T 

V L* 4 -£)J 


Appendix IV 

The maximum gain condition is found by 
maximizing equation 26. 


1 \_dG_ _ 1 [ ( HcLtRer yy/* 

V 0 dl 7 c = N e *L \ kN e * ) J + 

/ H c L^R eT \ i 4 

1 A * lH 

N c *- N e * 

Nc ^ L f- y 




74 


Hughes , Miller—Fast-Response Magnetic Amplifier 


March 1954 


References 


1. Am Improved Magnetic Servo Amplifier, 
C. W. Lufey, A. E. Schmid, P. W. Barnhart. 
AIEE Transactions, voi. 71, pt. I, Sept. 1952, pp. 
281-89. 

2. On the Mechanics op Magnetic Amplifier 
Operation, Robert A. Ramey. AIEE Trans¬ 
actions, vol. 70, pt. II, 1951, pp. 1214-23. 


3. On the Control op Magnetic Amplifiers, 
R. A. Ramey. Ibid., pp. 2124-48. 

4. High Speed Magnetic Amplifier, L. J. 
Johnson. Electrical Manufacturing, New York, 
N. Y., vol. 50, no. 5, Nov. 1952, p. 98. 

5. The Effect of Core Materials on Mag¬ 
netic Amplifier Circuits, Leo J. Johnson. AIEE 
Transactions, vol. 71, pt. 1, 1952, pp. 26-31. 

6. Evaluation of Core Materials for Mag¬ 


netic Amplifiers, D. C. Dieterly. Electrical 
Manufacturing, New York, N. Y., vol. 51, no. 1, 
Jan. 1953, p. 68; no. 2, Feb. 1953, p. 124. 

7. Dynamic Hysteresis Loops of Several Core 
Materials Employed in Magnetic Amplifiers, 
Harold W. Lord. AIEE Transactions, vol. 72, pt. 
I, March 1953, pp. 85-88. 

8. Radio Engineers Handbook (book), F. E. 
Terman. McGraw-Hill Book Company, Inc., New 
York, N. Y., 1943, p. 103. 


No Discussion 


Mechanical Aspects and Component 
Features of a New 12-Channel 
Open-Wire Carrier System 

A. G. EWING F. W. FRAZEE DALE WELLING 

NONMEMBER AIEE NONMEMBER AIEE NONMEMBER AIEE 


A NEW line of carrier equipment 
known as the class 45 has been de¬ 
veloped with a view toward application 
on open-wire lines, paired and coaxial 
cable, and radio systems. Both me¬ 
chanical and electrical design have been 
co-ordinated for each of the systems in 
these respective applications. In this 
paper, the 45A system arrangements for 
open-wire use are described. In basic 
terminal equipment, no differences exist 
for the various applications. Substitu¬ 
tion of a small number of common group- 
modulating assemblies, modifications in 
slight degree in carrier supply, and re¬ 
arrangements of terminal frame assem¬ 
blies identify specific uses. Great stress 
has been placed on standardization in 
this respect, both to speed the develop¬ 
ment in the different areas of ultimate 
use and also to increase the demand for 
specific items of manufacture. With the 
major part of this equipment alike among 
these different systems, and differences 
introduced by the relatively small num¬ 
ber of group-identifying parts, it has been 
possible to come out almost simul¬ 
taneously with manufactured terminal 
arrangements for most of the fields of ap¬ 
plication. Transmission features and 
electric performance of the equipment 

Paper 54-102, recommended by the AIEE Wire 
Communications Committee and approved by the 
atrtc Committee on Technical Operations for pres¬ 
entation at the AIEE Winter General Meeting, 
New York, N. Y., January 18-22, 1954. Manu¬ 
script submitted October 22, 1953; made available 
for printing December 10,1953. 


are described in a companion paper by 
Appert, Caruthers, and Chaskin. 1 

The equipment arrangements are min¬ 
iaturized to a very high degree and ex¬ 
tensive use is made of plug-in unit ar¬ 
rangements. To attain a maximum of 
uniformity, these various plug-in units 
make use of a number of plug-in subas¬ 
semblies to provide needed differences. 

All of the applications of 45-class ter¬ 
minal equipment have common basic 
problems in signaling circuit use, need 
for automatic channel regulation, op¬ 
tional use of compandors, and basic 
channelizing circuits. This has made it 
simple to incorporate a design standard¬ 
ized for such uses, and it affords a simple, 
quick, and inexpensive method of apply¬ 
ing options. 

In addition to co-ordinating the system 
design for ultimate application, accessory, 
equipment associated with terminals and 
repeaters has also been modernized and 
miniaturized. This makes it possible to 
provide completely racked-up arrange¬ 
ments on factory-shipped bays in far 
less space than was required with former 
systems. These arrangements include 
a-c power supply, ringdown converter 
panels, jackfields, miniature 4-wire ter¬ 
minating sets, power distribution units, 
etc. In contrast to former arrangements 
for 12-channel terminals including these 
accessories which occupied several bays 
of equipment, the miniaturized versions 
for 45A occupy a fraction 1 of a single 
relay rack. Thus both installation and 


Terminal Equipment Arrangements 

In Fig. 1 is shown the 12-channel ter¬ 
minal of a 45A system. This is a uni¬ 
tized arrangement complete with ter¬ 
minal block, fuses, and alarms ready for 
mounting on a standard 19-inch tele¬ 
phone-type relay rack of channel or duct 
type. The system comes complete from 
the factory with field installation, requir¬ 
ing only the connection of speech and 
signal drop leads, high-frequency line, 
and power supply to the terminal block. 
Only 31V 2 indies of vertical rack space is 
required, and as many as four such ter¬ 
minals can be mounted in an 11-foot 6- 
inch relay rack. Full 10-inch depth of 
mounting is used with equipment project¬ 
ing 5 inches to the front of the relay rack. 
This permits back-to-back arrangements 
of two 45A bays, with a total of 96 chan- 
nds of equipment in the relay rack space 
between two aisles. 

The shelf assembly shown consists of 
five sections or rows of equipment, largely 



A, G. Ewing, F. W. Frazbe, and Dalb Welling 
are with the Lenkurt Electric Company, Inc., San 
Carlos, Calif. 


portability are far simpler than pre¬ 
viously. 


Tig. 1 • Twelve-channel type-45 A terminal 
shelf assembly 
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of a plug-in type. The one unit on the 
top section not plug-in is the carrier dis¬ 
tribution unit at the upper left. In the 
second section, the terminal block at the 
left adjacent fuse panel, and next adja¬ 
cent alarm panel all come as part of the 
wired shelf assembly. Each of these 
wired-in units, however, are connected 
into the wiring harness of the shelf at ter¬ 
minal board connections to the rear. 
Except for the terminal block, these 
units slide from the shelf for rear accessi¬ 
bility through use of hinged cables. 

In Fig. 2, the arrangement of plug-in 
and wired units is shown. The bottom 
three sections of plug-in units are identi¬ 
cal, each consisting of four channel units 
and one pregroup or combining unit for 
the associated four channels. Each plug¬ 
in unit in these three sections is a rec¬ 
tangular box assembly 3 l /4 inches wide, 
6 3 /s inches high, and 10 inches in depth. 
Each has a 20-pin multicontact plug 
mounted at its rear through which all 
transmission and power connections are 
carried. Each unit plugs into a jack at 
the rear of the shelf assembly. Further 
detail on these particular plug-in units 
is shown in Fig. 1. A guide track ar¬ 


rangement allows each of the plug-in 
units to slide in a groove to make plug- 
and-jack connections. A. guide pin on 
the jack and a shoe on the plug further 
align the contacts of the plug and jack. 
It is also necessary to keep the jack float¬ 
ing freely in its mounting arrangement. 
Each unit is cammed into a complete 
seating of the plug and disengaged with¬ 
out excessive pull, through use of a latch- 
type lever and gear on the bottom plate 
near the front of the unit. 

On the front of the plug-in channel 
units are square plug-in resistance hy¬ 
brids. A gain control for setting 2-wire 
circuit equivalent is beneath the circular 
button on each hybrid. Alternative 
plug-in units are provided for 4-wire 
operation. Two types of plug-in units 
may be used, containing pads for opera¬ 
tion in offices with —13, +4 levels, or 
— 16, +7 levels. Removal of the re¬ 
sistance hybrid or 4-wire plug-in unit 
permits access to an 11-pin vacuum tube 
socket where 4-wire connections can be 
made to the equipment for test. This 
socket also provides access to E and M 
signaling leads. Just to the right of the 
plug-in resistance hybrid, an 11-pin 



Fig. 3. Channel unit with all plug-in sub- 
assemblies in place 


vaccum-tube socket provides bridging 
point access to input and output points 
of the circuit as well as to cathode points 
in the vacuum-tube circuits. Two gain 
controls are shown, one for adjusting 
signal bias and the other for adjusting 
net loss. Through the use of a bridging 
measurement in the vacuum-tube socket 
shown, circuit equivalent can be adjusted 
without removing circuits from sub¬ 
scriber service by adjusting the net loss 
gain control potentiometer. Measure- 
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Fig. 2 (left). Equipment ar¬ 
rangement for 12-channel 
type-45 A terminal shelf ar¬ 
rangement 


ment utilizes the frequency shift signaling 
tone. 

The positions of plug-in units in the 
top two sections can be seen by refer¬ 
ence to Figs. 1 and 2. These units are 
carrier supplies for channel and group 
equipment throughout the bay, group 
modulating, and other common equip¬ 
ment in the transmission circuits, or alarm 
equipment. Each unit is generally of the 
same cubic arrangement as the channd 
equipment on the lower three sections 
but has different height, as shown in Fig. 
2. The 11-pin vacuum-tube socket ap¬ 
pears throughout for test purposes as on 


Fig. 4 (right). 
Channel unit with 
all plug-in sub- 
assemblies re¬ 
moved 



Fig. 5 (right). 
Compandor unit 
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Fig. 6. Factory rack assembly of 45A sys¬ 
tem including 12-channel terminal shelf as¬ 
sembly and accessory equipment 

the units on the lower three sections. 
Certain of these units are further broken 
down into plug-in subassemblies either 
for test purposes or to standardize ar¬ 
rangements provided at East and West 
terminals and for East and West direc¬ 
tion repeaters. 

The base group unit shown as the 
second unit from the left in the top sec¬ 
tion contains the plug-in pilot oscillators. 
Two versions of this are provided with 
one supplying pilots at 40 and 80 kc and 
the other at 99 and 150 kc. Change of 
type for East or West terminal use re¬ 
quires only substitution of plug-in crys¬ 
tals. Terminal lineup and test can be 


conducted on a local loop basis by re¬ 
moving the plug-in pilot subassembly and 
inserting in its jack a plug-and-cord fix¬ 
ture connecting to test equipment. This 
connects the 40- to 88-kc frequency band 
from the transmitting branch of the ter¬ 
minal back into the receiving branch. 

In the carrier distribution unit at the 
left on the top shelf, plug connectors and 
jacks shown in rectangular-shaped cans 
afford U-link connections of the trans¬ 
mitting and receiver carried paths. Re¬ 
moval of the plugs provides test access. 
To the rear of the carrier distribution 
unit, option plugs are provided in two 
sockets. These enable modulator or 
demodulator channel carrier frequencies 
to be supplied at either upper or lower 
frequency edges of the channel bands. 
This plug would be used as follows: 

If one type of plug in the modulator 
carrier supply jack were used, carriers 
at 8, 12, 16, and 20 kc would be pro¬ 
vided to the channels in the three rows 
of channel equipment. A second type of 
plug inserted in this jack would provide 
carriers to the modulators of these chan¬ 
nels at 12, 16, 20 and 24 kc. Optional 
use of two such plugs provide carriers for 
upper side-band or lower side-band trans¬ 
mission in the demodulator circuits. 
The third plug on the front face of the 
carrier distribution unit is in a jack pro¬ 
viding access to channel and pregroup 
carrier supply frequencies. A cord 
plugged from this jack to a corresponding 
jack on an adjacent terminal can supply 
carrier to the equipment of the second 
terminal. This permits emergency op¬ 
eration or removal of carrier supply units 
from the inoperative terminal. 

In the second section of units in Eigs. 
1 and 2, the alarm panel is shown. It is 
provided in two versions. When out-of- 
band signaling and dialing are used, sub¬ 
scriber circuits must be disconnected and 
subsequently made busy by alarm relays 
following a system failure. This feature 
is provided by a subassembly in the alarm 
panel on an optional basis. Two button 
keys and a light on the front of this sub- 
assembly provide a test following such 
system failures to determine that normal 
transmission has been restored to and 
from a distant unattended terminal, and 
to allow locked-up alarm relays at the 
distant terminal to be reset. As a fur¬ 
ther function of this alarm panel, space 
is provided at the center where a common 
oscillator unit at 3,550 cycles can be in¬ 
serted in those cases where inband sig¬ 
naling of the type used in the nation-wide 
toll switching plan is required. In such 
cases, the signal units plugged into the 
individual channel circuits are replaced 



Fig. 7. A-c power supply unit 



Fig. 8. Pole-mounted line filter 


by considerably simplified plug-in ar¬ 
rangements excluding the frequency shift 
signal oscillator. 

An interesting feature of the master 
oscillator shown on the top section at the 
right is the inclusion of an oven-controlled 
crystal housing at the rear. This oven, 
through thermostatic means, holds the 
crystal temperature to very close toler¬ 
ances. Space is provided in the oven for 
two crystals, both of a plug-in type. A 
96-kc crystal oscillator is used at all 
times for generation of channel and pre¬ 
frequencies. The second crystal oscilla¬ 
tor is at 187, 188, 189 or 190 kc, depend¬ 
ing on the proper frequency allocation. 

In the line group unit shown to the 
right in the second shelf, two versions are 
required, one for East-West transmission 
and one for West-East transmission at 
terminals and repeaters. The East- 
West and West-East directional filters 
are both contained in a single can on 
this unit. In one case half of the direc¬ 
tional filter serves as the transmitting 
filter and the other half as the receiving 
filter. It is converted from East-West 
to West-East operation through insertion 
of a plug-in subassembly in the rear of 
the line group unit. This subassembly 
contains the equalizer for the directional 
filter. Two types of equalizers are 
needed, one for low-group and one for 
high-group transmission. Alternative 
use of two such plug-in subassemblies sup¬ 
plies the two optional connections needed 
for directional filters. 

The regulator unit shown next to the 
line group unit is used at terminals and 
repeaters for both directions of transmis¬ 
sion. A crystal pick-off filter unit for 
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the two pilot frequencies plugs in at the 
top on the front face. Two types are 
provided. Also required are two types 
of slope equalizer networks for low- or 
high-group transmission. These plug in 
behind the front face. Within the plug¬ 
in line equalizer can for high-group use 
is a roof filter to prevent repeater sing, 
or radio station interference above the 
transmission band. The low-group line 
equalizer can also contains an equaliza¬ 
tion network for the system line filters. 

In Fig. 3, the channel unit is shown re¬ 
moved from the frame with all subas- 
semblies plugged in. Shown in Fig 4 
is the channel unit with all of the subas¬ 
semblies removed. The plug-in band 
filters and voice frequency filter are in 
the large rectangular cans shown to the 
left in Fig. 4. Two versions of band 
filters and two versions of voice filters are 
provided. One set of filters provides 
bandwidth in the channel from 250 to 
3,100 cycles; a second set of filters pro¬ 
vides a band extending from 200 to 3,400 
cycles for those cases where the use of 
the wider bands is demanded. In Fig. 4 
the plug-in relay appears next to the 


plug-in filters. Just to the right is the 
plug-in resistance hybrid. At the ex¬ 
treme right is the plug-in signal unit. 
The bare chassis is shown in the center 
with its resistance card assemblies and 
modulator-demodulator units. 

In Fig. 5, the compandor is shown. 
This is an assembly 3 1 /\ inches wide and 
approximately 2 inches in height. Four- 
wire or 2-wire operation is provided 
through use of the same type of plug-in 
options used on channel units. This is 
visible on the side shown in the figure. 
Much compactness has resulted from use 
of unitized can assemblies containing a 
number of varistors and resistance parts. 

In an assembly similar to the com¬ 
pandor unit, ringdown converter panels 
are provided for conversion of 20 cycles to 
d-c signals. Four-wire terminating sets 
are provided where an external hybrid is 
needed with optional sizes of compromise 
networks. 

Accessory Equipment 

In Fig. 6, is shown a factory assembly 
containing on a wired rack the basic 12- 


channel terminal and other accessory 
panels. The 12-channel terminal shelf 
assembly is the same as that shown in 
Fig. 1. However, this completely wired 
rack assembly also includes jackfield 
arrangements and other accessory equip¬ 
ment. Eight ringdown converter units 
are shown in the two shelves above the 
jackfield, and an a-c power supply is 
shown at the top of the rack. A power 
distribution panel is included just above 
the terminal block, and a telephone set 
panel is mounted between the terminal 
shelf assembly and the jackfield. 

In Fig. 7, the a-c power supply unit 
for the 45-terminal equipment is shown. 
Both plate and filament supply are ob¬ 
tained from the single unit. The plate 
supply is of 1.2-ampere capacity at 130 
volts. The filament transformer sup¬ 
plies 7.5 amperes at 25.2 volts. Line 
voltage of 115 volts at 50 or 60 cycles is 
required. A center' tap on the filament 
transformer allows 12.6 volts to be sup¬ 
plied at 7 V 2 amperes on either side of 
the secondary winding without unbalanc¬ 
ing the transformer either magnetically 
or thermally. The transformer has a 
grain-oriented steel-ribbon type of core 
to save space. The plate transformer 
steps 115-volt input to approximately 
165 volts. Taps are provided on the pri¬ 
mary to reduce this rms voltage if a con¬ 
stant voltage transformer is used on the 
input winding and to increase this volt¬ 
age in case of rectifier aging. Taps are 
also provided on the secondary to com¬ 
pensate for the rectifier and filter losses 
as the load current increases. By this 
arrangement 130-volt output is obtained 
of adequate accuracy for load currents 
from 400 to 1,200 milliamperes. The 
rectifier is of a bridge-connected, dry-disc 
selenium type using 32 3-inch square 
plates. The power supply filter is made 
up of two smoothing chokes and long-life 
electrolytic capacitors. The two chokes 
are mounted in one can to occupy mini¬ 
mum space. Ripple is about 1/10 per 
cent with 60-cyde supply frequency. 
Tests indicate that the external field 
from this power supply is extremely small 
because of the hypersil core construction 
used, and that it can be used in quite 
dose proximity to 45A equipment with¬ 
out introducing objectionable noise. 

In Fig. 8, two views are shown of the 
line filter and its housing for pole mount¬ 
ing use on open-wire lines. The box is ap¬ 
proximately14 by 10 bjreVs inches. It 
is of sand-cast construction with a 
hinged door for access, and mounts bdow 
the crossarm with the four studs shown. 
Within the box are, in addition to line 


FiS> 9. Channel band 
filters 
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screw-in type, a repeat coil for connec¬ 
tion to either 130-ohm office entrance 
cable or 240-ohm disc-insulated cable, 
and a resistance network board with 
strap options to make the line filter equip¬ 
ment match the various impedances of 
differently spaced open-wire line pairs. 
Bridle-wire connections to the line pairs 
and to the drop equipment are made 
through entrances on the bottom side 
of the cabinet. The hinged-door cover 
is gasketed to exclude driving rain 
and snow. The two-line filter cans are 
mounted within the box, with the low- 
pass filter can on one side and the high- 
pass part of the filter on the other side. 
In cases where separation of the carrier 
or voice bands is made by junction filter 
arrangements at the pole, two junction 
filters can bemountedin the two-canspaces 
shown within the housing. These cans 
are identical in size and shape to the 
line filter units. Junction filter arrange¬ 
ments are provided for separation of the 
45A system frequencies from lower car¬ 
rier and voice frequencies in a 38-kc 
junction filter or between voice and car¬ 
rier frequencies in a 3- or 5-kc junction 
filter. 

Filters 

In Fig. 9, two views of the channel band 
filter are shown, both enclosed in and re¬ 
moved from its can. This hermetically 
sealed filter uses an 11-pin vacuum-tube 
base plug. Permalloy core coil tuned 
meshes are used with cores of about 
3/4-inch diameter. Both modulator and 
demodulator band filters are contained in 
the same can. Mesh tuning in these filters 
takes advantage of the fact that no ex¬ 
tremely great accuracy is required because 
all frequencies lie below 24 kc. This per¬ 
mits selection and grading into a small 
number of categories of coils wound to 
precision. Precision winding of poly¬ 
styrene-type capacitors and a similar 
grading procedure into a small range of 
categories allows proper association of 


Fig. 1 0 . Crystal pilot 
pick-off Alters 
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graded capacitors and coils without any 
precision tuning of individual meshes. A 
performance characteristic of this filter, 
is also shown in Fig. 9. As in all chan¬ 
nels in present-day carrier equipment, a 
further widening and flattening of the 
channel characteristic is made in the voice 
receiving circuit of the channel. Both 
the high- and low-frequency part of the 
band are flattened. 

In Fig. 10, the crystal pilot pick-off 
filter is shown. Two such filters are 
used in the system, one for the low-group 
pilots and one for the high-group pilots. 


Each plug-in filter thus contains two 
crystal selective filters, each filter requir¬ 
ing two crystals. Five-degree -XT-cut 
crystals are used for the three upper fre¬ 
quency filters. N-T cut crystals are 
used in the 40-kc filter. A transmis¬ 
sion characteristic for the 150-kc filter is 
also shown in Fig. 10. 

Repeaters 

The repeater assembly is shown in 
Fig. 11. This is a shelf arrangement 7 V 2 
inches high and of the same general 


















dimensions used in the second shelf from 
the top in the channel terminal frame¬ 
work. Each direction of transmission 
uses a line group unit and a regulator unit 
which are shown in Fig. 12. The addi¬ 
tional parts of the repeater shelf assembly 
are fusing, terminal block, and alarm re¬ 
lay arrangements. Levels of the two 
pilots setting the flat and slope gain of 
the repeater are controlled by two ad¬ 
justing potentiometers on the front of 
the regulator unit. Level measurements 
can be taken without removing the equip¬ 
ment from the shelf through 11-pin sock¬ 
ets shown on the front face of the regula¬ 
tor unit and the line group unit. 

The directional filter assembly is shown 
in Fig. 13. Both East-West and West- 
East directions are contained in a can 
3 1 / 4 by 3V2 by 6 inches. In general, 
the filter includes both air core toroidal 
coils and magnetic-core coils of particu¬ 
larly selected permeabilities for the posi¬ 
tions used in the filter circuit. The 
general principle of design has been to 
use the air core coils next to the line and 
the cores with highest Q’s and most dis¬ 
tortion farthest removed from the line 
connections. This results in any out-of- 
band intermodulation produced in these 
high-Q cores being attenuated by subse¬ 
quent air core meshes before the junction 
with the receiving branch of the direc¬ 
tional filter. Care is taken also in the 
design that certain of the critically tuned 
meshes make use of the more stable core 
materials. 

In Fig. 14, performance curves are 
shown for the directional filters. The 
transmission frequency characteristic is 
shown with and without the directional 
filter equalizer. Great stress has been 
put on obtaining adequate reflection 
coefficients and adequate modulation 
performance. Impedance design has fol¬ 
lowed the methods described in the litera¬ 
ture in recent years by Bode of the Bell 



Fig. 13. Directional filters 


Telephone Laboratories. Reflection co¬ 
efficient has been kept below 5 per cent. 
Modulation performance has been kept 
to adequate levels for operation in sleet 
conditions by the appropriate use of air 
and other cores, as previously described. 

Transformers 

Development of 45-class equipment re¬ 
quired a complete new line of transformers 
because of the extensive use of feedback 
amplifier circuits and the high degree of 
miniaturization required. Transformers 
of a great many types were required in 
the audio frequency range from 200 to 
3,400 cycles, in the low-carrier range from 
4 to 30 kc, and in the high-carrier range 
from 40 to 150 kc. The audiofrequency 
transformers generally involved high 
winding impedances on tube inputs to a 
maximum of 600,000 ohms. Probably 
the major concern in output transformer 
design was obtaining adequate low-fre¬ 
quency response with the amount of 
plate current needed for vacuum tubes. 
This generally required the largest of the 
whole range of transformers used in the 
45A system. It has been possible to ob¬ 
tain the transmission performance re¬ 
quired for all 45A transformers with 
laminated cores. Multiwound, paper- 
insulated transformer winding was used 
with interleaved laminations throughout. 
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Fig. 14 (left). Direc¬ 
tional Alter perform¬ 
ance characteristics 


Fig. 15 (right). Typ¬ 
ical transformer for 
45-class equipment 


Nickel laminations as thin as 6 mils and 
with dimensions as small as 5/8 by 3/4 
inch were used. In a few cases in designs 
developed later, bobbin-type coils have 
been used. This has generally resulted in 
a considerably smaller size of transformer 
without impairment of audiofrequency 
response. Size and type of wire has been 
an important factor. Enamels of a newer 
type, able to withstand the mechanical 
abrasion present during winding processes 
were used. These do not require strip¬ 
ping before soldering to the permanent 
leads. 

Throughout the design range, electro¬ 
static shields were not necessary in most 
cases because of the transformers’ small 
size. In a few cases it was necessary to 
use Mumetal cans for better magnetic 
shielding, but in most cases small ex¬ 
truded aluminum cans were used. These, 
combined with properly selected thermo¬ 
setting compounds, were found to give 
a very satisfactory moisture seal. One 
of the major factors in cost reduction in 
the transformers resulted from a new 
method of attaching leads and insulating 
coils from the can. Two molded plastic 
shells completely surround the coil 
where it passes through the laminations. 
Two leads can be embedded in each end 
of the shells. The coil wires are wrapped 
on the ends of these embedded leads. 
Use of magnet wire insulated with 
semicured nylon which strips at soldering 
temperature allowed a solder-dip process 
to be used for the entire transformer, sol¬ 
dering all leads at once. In Fig. 15 is 
shown the transformer embedded in its 
can, the can, and the transformer alone. 
Tabs on the sides of the transformer can 
are used for mounting on the phenolic 
component cards. The coiled wire on 
the empty can is the ground connection. 
The transformer shown is used as an out¬ 
put transformer in the signaling oscillator 
in the channel unit. 
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Fig. 16 (left). Mod¬ 
ulator assembly 


Fig. 17 (left). Phe¬ 
nolic component 
mounting cards 


Fig. 18 (right). Typ¬ 
ical components for 
45-class equipment 




Modulators 

In Fig. 16, two views of a modulator 
from the 45A system are shown. In one 
view, two transformers and the varistor 
assembly are shown removed from the 
can. In the other they are enclosed with 
terminal connections on a phenolic board 
at the top. This type of modulator is 
used both in the channel modulators in the 
8 - to 24-kc range, and in the group 
modulators. 

In Fig. 17, the three card assemblies 
used in the 45A channel unit are shown 
with some of the associated components 
removed. All of the transformers are 
supported on these cards by tabs at the 
ends, and the flexible wire leads are 
brought out with Radio Manufacturers 
Association color codes for terminal 
numbers. Components of the pigtail 
type are mounted on staples set in the 
cards by machine operation. 

Components 

Some of the 45-class components are 
further shown in Fig. 18. All modulators 
in channel and group circuits employ 
germanium diode varistors arranged in 
the double-balanced or ring circuits. 
Nearly all of the filter components use 
wedding-ring size permalloy toroidal coils 
and polystyrene capacitors. Feedback 
amplifiers designed throughout on a 1- 
or 2-stage basis use miniature pentode 
or double-triode tubes. 

Along with great stress on miniaturiza¬ 


tion, much emphasis has been put on use 
of good sealing compounds against 
humidity, on better fungus protection 
for tropical use, on use of longer life, 
higher grade performance for vacuum 
tubes, and on use of more stable and 
precise resistances. In some instances 
it has been found necessary to take 
diodes received in sealed form from 
manufacturers and further seal these 
units by additional encasement in plastic 
resins. Vacuum tubes are few in num¬ 
ber in the 45A system, and the design has 
not encountered any excessive heat prob¬ 
lem. Stress on long life has influenced 
the design to use of special versions of 
the miniature 6AK5 and 2C51 type of 
tube. Western Electric Company ver¬ 
sions of these tubes with 20-volt heaters 
(408A and 407A) have been used widely 
in telephone plants for a number of years. 

Conclusion 

It is believed that the 45-class equip¬ 
ment design is well adapted to present- 
day needs in application of carrier equip¬ 
ment. More and more, carrier is spread¬ 
ing to remote offices formerly operating 
only on a voice-frequency basis. In 
such cases, maintenance is frequently a 
problem, and the extensive use of plug¬ 
in assemblies easily removed and sent to 
more centrally located repair centers is 
becoming a necessity. Also, test meth¬ 


ods where operation can be determined by 
bridging tests with simple test equipment 
are invaluable in small offices which may 
normally be unattended or have little 
skilled technical personnel. The sim¬ 
plest of check test can be made in these 
cases by ohmmeter or vacuum-tube 
voltmeter which take little technical 
training for satisfactory operation and 
use. A small assortment of spare com¬ 
ponents quickly plugged in, such as relays 
and filters, are part of this modem 
method of maintenance. Although de¬ 
velopment of the 45 class of terminal 
equipment cannot be called finished, since 
many improvements will come as the 
initially developed 45A equipment is ex¬ 
panded into use in cable and on radio, it 
seems quite certain to the designers that 
the development approach from a me¬ 
chanical standpoint has afforded many 
benefits in easing the design effort, in 
production, and in customer use. 
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The Use of Instantaneous Point Sources 
or Green's Functions in Evaluating 
Electromagnetic Fields 


J. J. SMITH 

MEMBER AIEE 


I N a previous paper 1 it was shown how 
expressions for vector potential could 
be derived from corresponding values of 
scalar potential for a point source; these 
expressions are given in the author’s 
Tables of Green’s Functions. 2 It was 
then shown how these vector-potential 
expressions could be used to derive the 
fields due to uniformly magnetized disks, 
or due to coils, building them up from 
magnetic doublets or individual current 
elements by integration. The examples 
given in that paper 1 were limited to those 
in which the field did not vary with time, 
since some additional concepts need to be 
introduced when the field varies with 
time. These will be considered here, and 
examples given of the field due to conduc¬ 
tors or coils in which the current varies 
with time. 

The method followed is fairly simple, 
and may briefly be described as follows. 
To find the field due to a current in a 
conductor, the conductor is divided up 
into elements of length ds. At each of 
these elements, there is considered to be 
an instantaneous point charge Qi moving 
with a velocity u, with components u x , 
u v , and «*. The scalar potential v due to 
this instantaneous charge can then be 
found for the given boundary conditions 
from the Tables of Green’s Functions. 
Having obtained the scalar potential v, 
it is well known (see, for example, refer¬ 
ences 3 and 4) that the solution of Max¬ 
well’s equations for the vector potential 
A with components A x , A y , and A g is* 

A x =*= tVUx, Ay*= eVUy, A z = €VU Z ( 1 ) 

The value of A thus obtained is integra¬ 
ted with respect to time, from a time to 
when the current is started in the circuit, 
up to the present time. This result is 
then integrated over all the elements of 
the circuit to obtain the vector potential 
for the complete circuit, 

* It was pointed out in reference 1 that there is no 
agreement on whether n should be Included in A in 
its definition. The notation followed here is the 
same as that used in reference 1 and also agrees with 
that used in reference 3. The notation used in 
reference 4 would give A *= item. However, it gives 
the same field intensity using B =» curl A instead of 
the equation B = p curl A used here. 


A procedure analogous to this is found 
in Ampere’s (or Biot and Savart’s) law 
for the field due to a current element 


Using this, it is theoretically possible to 
integrate around a circuit and find the 
magnetic field. However, the formula 
has several limitations, among which are: 

1. It only holds when there is no variation 
with time. 

2. It only holds for free space and does not 
apply to a space with finite boundaries. 

3. The formula, as written above, is in the 
spherical co-ordinate system. Similar ex¬ 
pressions in other co-ordinate systems are 
needed. 

When there is variation with time, 
equation 2 may be replaced by other ex¬ 
pressions including retarded potential. 
An example will be given in Section 2 for a 
particular case involving free space, 
where the boundaries are at an infinite 
distance. When, however, the boun¬ 
daries of the space are at finite distances, 
as in the case or cavities or wave guides, 
the method generally followed is to start 
from Maxwell’s wave equation. 

In the following, we start with the ex¬ 
pression for the field due to an instan¬ 
taneous point source, obtained from the 
Tables of Green’s Functions. If the 
problem involves free space, the boun¬ 
daries are taken to be at infinity. In this 
case it is shown how to derive, from the 
Green’s Function, the field due to a cur¬ 
rent which may or may not vary with 
time, in a straight wire of finite or infinite 
length or a rectangular coil (or for any 
coil, if we approximate it by suitable rec¬ 
tangles). l'f a finite portion of space is 
involved, such as a resonant cavity or 
wave guide, the solution for the instan¬ 
taneous point source is chosen from the 
Tables of Green’s Functions so as to 
satisfy the conditions to be met at the 
boundaries of the cavity. , 

When the field due to an instantaneous 
point source is thus obtained, only the 
operation of integration is needed in the 


cases illustrated to meet the other condi¬ 
tions in the problem. It is not necessary 
to go back in each case to Maxwell’s 
equations, and endeavor to find a solu¬ 
tion from them directly which satisfies all 
the given conditions. This results in 
considerable reduction in the work re¬ 
quired in finding such solutions. 

The purpose of this paper is to show 
by illustrative examples how the Tables of 
Green’s Functions may be applied to such 
problems. The discussion of these solu¬ 
tions is kept at a minimum and only 
covers new features when necessary so 
as to concentrate on showing how the 
solutions may be obtained. 

1. The Magnetic Field due to a 
Constant Current I or Current I cos 
cj(t— to), Starting at the Time to, 
in a Straight Wire of Infinite 
Length 

Let us first consider the field due a cur¬ 
rent I cos co(t — to). The first step in the 
solution of this problem is to find the po¬ 
tential at x, y, z due to an instantaneous 
charge Qi in free space at the point 
y h Zi and at the time t=h. This will be 
found in the Tables of Green’s Functions 2 
(Section VI: Green’s Function, Instan¬ 
taneous Source Three Dimensions; Case 
III) on taking the boundaries h— — <=°, 
4 = 00 , mi- — oo, m%— oo, m— — oo, and 
» 2 = 00 . 

The solution is 


V*=g0QXl p (— CD, 00 

)Yi t (~ °°,°°) 

Zi«(- co,oo)r 

(3) 

where 



Xi P (— co,oo)=i 

I cos a(x—Xi)da 

'o 


Yi q (~ oo,oo)=.i 
*%/ 

r°° 

I cos/3(y-yi)dj8 
r 0 

(4) 

Zi«(- «,“)■■- 

T J 

r 

f cos y(z—Zi)dy 
f 0 



T =“sin [c(f—/ iX^+^+t 2 ) 1 /*] 

H(^)/[(a 2 +j5 2 +T 2 )A 2 ]V* 


It seems desirable to give the solution 
above in the form in which it is tabulated 
in the Tables of Green’s Functions. 
This solution, as explained in those tables, 
is written in the usual manna:, putting 
all the integral signs in front of the right- 
hand side giving 
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COS a(x — Xi) 


cos /3(y— yi) cos y(z—Zi)Tdad^dy (S) 

However, the symbols X\ v {— 00 , 00 ), Y\ t 
(— oo, oo ), and Zi u (— oo, co) are very con¬ 
venient, and reduce the amount of writing 
considerably; thus they will be used in 
the following. In later examples, in 
sections 6 and 7, expressions such as 
Xi P (v,v) will be obtained from the tables 
for the case of resonant cavities and wave 
guides. Summation signs rather than 
integrals appear in these expressions and 
again these summation signs are all 

placed in front of the resulting solution 
given by the tables, as in the case of the 
integral signs given above. 

From reference 2, is the unit 

function, so that 

)=0 when t<h 

— 1 when t>ti (6) 

and thus ensures that the potential in 
equation 3 is zero when t<ti. 

Let the infinite straight wire be in the x 
direction so that u x —u is the velocity of 
the instantaneous charge and u y , u z are 
equal to zero. It follows, from equation 1 

A x = (vu, Ay^O, and A z —0 (7) 

Assume that a charge which varies as 
Q cos and is instantaneously mov¬ 

ing with a velocity u is placed at the point 
x'o at the time k. At a subsequent 
moment t\ it will be at the point xi —x a -\-u 
(h—to) and thus the potential due to it 
starting at l=t 0 is 


a, . 2 ? r r msalx . 

*■ Jh JO 


Xa-u(h—ta)] 


Fi„( — oo, oo )Z Jtt ( — oo, co )Tdadh ( 8 ) 

This could give the potential due to a 
single point charge. The potential due 
to a current along the path of this point 
charge is then found by putting a series 
of charges along this path, which is done 
by integrating from one end of the path 
(which may be denoted by x 3 ) to the 
other end (which may be denoted by x*); 
thus the potential due to this current is 
given by 

,,.zr„rr 

* J*t Jh JO 

COS a[x— Xo—«(*1—*o)]Fifl(— »,<X>) 

Zi«( — oo, oo )Tdadti ( 9 ) 

subject to the condition that when the 
length of the path is finite, Xo+u(.h—t 0 ) 
lies between xz and X 4 , and ti>to. This 
formula could be used to derive the re¬ 
sults in the following. 

The problem, however, can be looked at 


from another point of view as follows. 
Consider any given point Xi: at a given 
time, an instantaneous point charge is 
placed there. Although this point charge 
moves on as indicated above, another 
point charge moves to this point, and 
since there is no way of identifying point 
charges, this point charge may be con¬ 
sidered to take the place of the previous 
one. Thus the process may be regarded 
as being one of placing an instantaneous 
point charge at a given point Xi, with a 
given velocity u at the initial time to and 
maintaining it there. Then, by integra¬ 
tion from xa to X 4 as before, the field due 
to the current in the circuit is found to be 

IT Jx t Jh Jo 

Yi t ( — 00,00 )Zi u ( — oo, ») Tdadh (10) 

This latter formula is much simpler to 
use than equation 9, and from physical 
considerations must give the same result 
as equation 9. To prove this mathe¬ 
matically is quite involved, since it is 
necessary to take account of the condi¬ 
tions stated following equation 9, which 
correspond to the departure and arrival 
of charges at each end of the circuit when 
this equation is used. When, however, 
the field due to a single charge is required, 
this equation must be used. Since the 
problems to follow deal with the deter¬ 
mination of the field due to a current in a 
specified length of circuit, equation 10 
will be used. It is convenient to do the 
integration with respect to h first, and 
thus using only this part in equation 10 , 
the potential due to an instantaneous 
charge Q moving with velocity u placed at 
xo at the time to and maintained there is 

Aix^QuXipi— co,<°)Yi q (- 


Zi«(—/ Tcos w(<— h)dti 
Jh 

=QuXi P (— co, 00 )F lff (- 00 , 00 ) 

Zt«( — »,°°)ri (11)' 


where 


Ti = - 77 . -: [cos cd(*-/o)- 


5 2 = a 2 -H3*+7 a 


cos ch{t—h)]H(t,to) ( 12 ) 
(13) 


From this the vector potential due to 
the current in a wire of infinite length is 
obtained by integrating with respect to 
Xi from — 00 to , obtaining 

r* ou f a C n 

Aix*= J dxiAi x *=~ I dx 1 I da 

cos a(x— Xi) Yi c ( — co, 00 ) 

Zi u (- «,«)Fi (14) 


where T\ is a function of a. Using 
Fourier’s theorem, this becomes 
A ax = QuY, e (- co,oo)Zi u (- co, 00 ) 

m a - 0 (IS) 


(JUa-o-^ (16) 

v*=/3H-7* (17) 

Then 

c 2 

T 2 =——: [cos 

CT-u’ 

cos cv(t—k)]H(t,to) (18) 

so that tlie vector potential Aye due to 
the current cos u(t—to) in the straight 
wire of infinite length is given by 

A a =*QuYi g (-co, a>,co)Tt (19) 

where Fi # (— °°,co) and Z lu (— 00 , 00 ) are 
given by equation 4 and T 2 is given by 
equation 18. 

Here it may be noted that A 2x may be 
divided into two terms A 2x i and A 2xS by 
writing 

A 2x = A 2xl “' A 2x2 (20) 


A-un=Qu F, e ( - co, 00 )Zi«( - co, a) 

cos a>(/-/o)17(Mo)cV(cV-a, 2 ) ( 21 ) 

Am^QuYiji- CD,co)Z lu (- co,co) 

cos cv(t— /o)H(Mo)c 2 /(cV—co 2 ) (22) 

Here the term A 2x i involves the term 
cos co(t—t 0 ), so that it corresponds to 
the impressed frequency < 0 . This might 
then be regarded as the “steady-state” 
term. .<4 2*2 involves the term cos cv 
( t—to). Since p 2 =|3 2 +7 , 2 and each of 
these are variables of integration extend¬ 
ing from 0 to » this term is not periodic, 
but changes with time, and thus corre¬ 
sponds to what might be called the “tran¬ 
sient” term. It ensures that the vector 
potential is zero at a distance r=(y 2 4 - 
s 2 ) '/* from the wire when r>c(t—to), so 
that the electromagnetic wave has not 
arrived at the point. 

When the current in the wire is con¬ 
stant, the magnetic field may be obtained 
from equations 18 and 19 by putting w—0, 
giving 

A3x=QuYi t (— «,co)Zi tf (— co,®)ra (23) 


r 3 =-[l-cos cv(t-k)]H(t,k) 


and Yi q (— », <*>) Z\u(— »,«) are given 
in equation 4. 

Here again, note that Azx might be 
divided into two parts, ^ 3*1 and A ix % 
where vlsa-i corresponds to the “Steady 
state,” where there is no variation with 
time, and ^ 3*2 corresponds with the 
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■“transient” term. It may also be noted 
that in going from the constant-current 
case to that of a sinusoidal current, we 
not only add the term cos a(t—to), but 
also modify the factor in front from 
\(v 2 to c 2 / (c 2 ** 2 —co 2 ). This will be dis¬ 
cussed further later. 

This can be shown to give the well- 
known result for the field due to a con¬ 
stant current in a straight wire of infinite 
length, by dropping the “transient term” 
and eliminating the term H(t,to), since 
the current is assumed to exist for an 
infinite time, obtaining 

A ax i = Qu Fi ff ( — oo,oo )Z lu (- co,co)/V (25) 

By using a result given by Van der Pol 
and Bremmer 8 that 

l/r = Xi p ( — oo.oo )Fi tf (- oo, 00 ) 

Zi,(-«,«)/*• (26) 

it can be shown that 

Am -log [(y-yx) 8 +(3-2i) 2 ]+ C (27) 

when C is a constant of integration in¬ 
dependent of y and z. This is, of course, 
the well-known result. 

It may also be well to point out that 
in the solution corresponding to a cur¬ 
rent I cos <o(f— to) it has been assumed 
that the current is constant along the 
line. This is a good approximation when 
the frequency is low and the line is not 
too long. But as the frequency or the 
length of the line is increased, the volt¬ 
age along the line causes charging or dis¬ 
placement currents, with the result that 
the current is no longer constant along 
the line. Thus the above solution has to 
be modified to allow for the variation in 
current along the line. This leads to 
transmission line theory and will be con¬ 
sidered in Section 3 when the field due to 
a finite line is discussed. 

2. Derivation of Ampere’s Law and 
an Extension to Variation with 
Time 

Ampere’s law, referred to in equation 2, 
can be readily derived from the Tables of 
Green’s Functions. Equations 3 and 4 
give the field due to an instantaneous 
point charge. The field due to a point 
charge placed at the point at the time to 
and maintained there is obtained by 
integrating with respect to t from to to t, 
obtaining 

v=*gaQXi P (— «,»)Fij(- °°, °°) 

Zi«(- «>,<»)J^Tdh 
“ QXip(- a> , m )Yi e (-»,«) 

Z ltt (- oo,co)[l-.cOSCfiO-/o)] 

o)/5* (28) 


It will be noted that, as before, the term 
in square brackets consists of a term 1, 
which is independent of time and a term 
cos cS(t—t 0 ), which depends on the time. 
The latter term may be considered as the 
“transient” and if it died away with time 
(which it doesn’t unless dissipation is 
introduced in the equation), then the 
“steady-state” condition would be given 
by the other term. This other term is the 
one actually obtained if the problem is 
solved from the Tables of Green’s Func¬ 
tions in the case when there is no varia¬ 
tion with time. Thus, in this case, when 
there is ho variation with time 


Aix^c'QilXipi- oo.ooJF^-oo.oo) 

Ziu( — «,<») cos <o(t—lo) 

m,to )/(c*« 2 -« a ) (3i) 
But from reference 6, this is equal to 
Aix=Qu cos (wr/c) cos a(t—h)H{t,h)/r 
=Qu [cos «(<—4+r/c)+ 

cosw(f— to—r/c)]H(t,to)/r (32) 

If we are only interested in waves going 
out from the source, the first term being a 
converging wave does not apply. Thus 
taking only the second term 

Aix=Qu cos u(t—to—r/c)H{t,h)/r (33) 


v=QXi P (- ®,»)Fi fl (— oo,«) 

Zi„(-»,•)/** (29) 

It is known 8 that the right-hand side 
of this equation is equal to Q/r. This 
result is also evident, since it is the scalar 
potential due to a point charge in free 
space, which is Q/r . Now let the point 
charge be moving with an instantaneous 
velocity u whose components along the 
axes are u dx/ds , u dy/ds and u dz/ds. 
Then, from equation 1 the vector poten¬ 
tial is given by 


, Q udX . A 

Ax— - ~7> Ay 

r ds 


Qu dy Qudz 

' r ds : At ~ r ds 


(30) 


which can be checked with the formula 
for vector potential given by Jeans 6 on 
putting Qu—i and noting that the fore¬ 
going refers to an element of the circuit. 
The vector potential for the complete 
circuit is obtained by integrating around 
it with respect to s, which integral is 
included in Jeans’ result. In paragraph 
497 which follows the foregoing, Jeans 
shows how Ampere’s law can be derived 
from this, and it is not necessary to repeat 
this here. This derivation of Ampere’s 
law should help make dear the limita¬ 
tions which apply to it and were referred 
to in the introduction. It gives the field 
due to an element of current ds which does 
not vary with time and which is in free 
space, so that the boundaries of the space 
are at an infinite distance. 

When there is variation with time, 
it was mentioned in section 1 that other 
methods, induding retarded potential, 
may be used. As an example of one of 
these methods, consider an instantaneous 
charge which varies as Q cos w(t—to) 
which is placed at the point Xo at the time 
to and is maintained there. The vector 
potential due to it has already been 
given in equation 11. If in this equation, 
the term cos c$(t—to) is considered a 
“transient term,” which in a practical 
case would die down, and can thus be 
omitted as in the steady-state case above, 
the result is 


and this, with appropriate changes in 
notation, is the result given by Schd- 
kunoff 7 when there is spherical symmetry 
and variation with time. It may be 
interesting to note that the term c 2 8 2 — w* 
in the denominator of equation 31 does 
not give rise to any infinite values in this 
case. This is, of course, due to the opera¬ 
tions of integration which are contained 
in the symbols X Xj ,(- oo,oo), etc., given 
in equation 4. In the case of finite boun¬ 
daries, however, when terms such as 
Xi P , (v,v), involving summation, enter, 
this corresponding factor c 2 8 2 — to 2 does 
give rise to infinite values, as will be 
discussed in sections 7 and 8 in consider¬ 
ing resonant cavities and wave guides. 

3. The Magnetic Field due to a 
Current I cos at in a Straight Wire 
of Finite Length 

In this case, proceed in the same 
manner as in the previous example and 
obtain equation 11 which gives the vector 
potential due to an instantaneous charge 
Q cos o)(t—to) which is moving with an 
instantaneous velocity u and is placed at 
the point x x , yi, Z\ at the time t—to and 
maintained there. For the finite length 
of wire extending from x 2 to x%, the vector 
potential is then obtained as 

Au = f**Aixdxi=Qu f x *'dxiXi p ( - oo, w ) 

Ylyi- °0)Zx„(- 00 , 00 )rx (34) 

which is the vector potential due to a 
current I cos at starting at the time t-to 
in a straight wire in free space extending 
from x—xt to x=x 2 . 

An antenna is essentially a wire in 
space carrying current. However, the 
current in an antenna not only varies with 
time, but also its maximum value at any 
point may vary with the distance along 
the antenna. This is due to the fact that, 
in the case of an antenna, a voltage is ap¬ 
plied to it at a given point. The current 
at any point is thus equal to displace¬ 
ment current propagated through space 
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from that point, due to its being at a 
given voltage, plus the current which 
passes that point to feed the rest of the 
antenna. The determination of the 
distribution of currents along the an¬ 
tenna may be approximated by methods 
sinilar to transmission-line theory. By 
proceeding in this manner, the determina¬ 
tion of the field due to an antenna may 
be divided into two parts: 

1. The magnitude of the current along the 
antenna; 

2. The determination of the field due to 
the current distribution. 

If it can be determined that the current 
distribution in the antenna is given by 

I=hf(x i) (35) 

Then the vector potential due to this 
distribution of current is from equation 11 

A 6X - f x l'A ix f(xi )dx i =Qu f x **X i p ( - «>,«) 
F Iff ( - 00 , 00 )Z ltt ( — oo, oo )f(xi)Tidxi (36) 

By treating this equation in the same 
•manner as equation 31, making the same 
assumptions that the “transient term” 
in T\ can be omitted, and also that only 
diverging waves will be considered, it is 
found that it can be written in the form 8 

sU x =Quf x * 1 cos w(,t—k—r/c)J{xi) 

Ii(t,k)dxi/r (37) 

and with suitable changes in notation this 
is the same result as that given by Sdiel- 
kunoff 8 and Stratton. 9 

It may be well to show how easily a 
slightly different problem may be solved. 
Instead of taking the above condition 
that the antenna is in free space, let it be 
in the x direction at a distance z x above 
the earth which is the plane z=0, and 
let the earth be taken as at zero potential. 
Then it is found from the tables that 
Zxu(~ co, oo ) is to be replaced by Zt u (v, oo) 
to give the solution corresponding to the 
terminal condition v —0 when z=0. 
Thus the vector potential for this case 
becomes 

Si Xlv ^~ 

Zi«(», 00 )f(x{)Tidxi (38) 

where 

2 /*“ 

ZittO»,»)-*- / dy sin yz sin yz x (39) 
Vo 

.and Xi p (- oo,oo), Fi ff (- «,“) and T x 
are as given previously in equations 4 
and 12 

This division of the antenna problem 
into two parts: 

1. Determination of the current distri¬ 
bution f(x) 

2. Determination of the field from the cur¬ 
rent distribution 


is followed by many authors. Frequently 
a sinusoidal current distribution is as¬ 
sumed, and this works well in many cases, a 
If it is desired to improve on this, an 
integro-differential equation can be found 
for f(x ), which is given by Schelkunoff 10 , 
and having thus determined /(»), the 
solution proceeds in the usual manner. 
This will not be considered further here 
except to suggest that in this integro- 
differential equation, the function G(£— 
z,a), which is a Green’s function, may 
often be put into a form in which it is 
easier to solve the equation by using the 
Tables of Green’s Functions to express it 
as a Fourier series. 

4. The Magnetic Field due to a 
Current I cos ut in a Rectangular 
Coil 

Consider a rectangular coil in free 
space in the plane x=x h whose sides are 
at y=a, y= —a, z — b, z= —b. Let there 
be a current I cos wt in it; the resulting 
magnetic field may be obtained by the 
following procedure. 

We proceed exactly as in the previous 
examples, and find the vector potential 
Ai x due to a charge which varies as cos 
u(t—to), is moving with an instantaneous 
velocity u, and is placed at the point xi, 
y lt Zi at the time t 0 and maintained there. 
The result is given in equation 11. 

In the previous example, this was 
integrated with respect to x x from— 00 
to «> to give the field due to an infinite 
straight wire. In the case of the coil 
with finite sides, we proceed as follows: 

For the coil side at y—a, put yi=a in equa¬ 
tion 11. Then integrate with respect to 
z L from z : =—b to z x =*b. This gives the 
contribution to the magnetic field due to the 
side at y =* 0 . For the coil side at y 3 * &> 

put yi = — a in equation 11 and again inte¬ 
grate with respect to Zi from zi=*—b to 
zi«6. Subtract this integral from _ the 
previous one, since the current in it is in 
the opposite direction. Perform a similar 
operation for the coil sides at z—b— and 
z=>&, and add to the previous result using 
the proper signs and the field due to the coil 
is obtained. 

The details will not be worked out here, 
since they are very similar to the results 
for a rectangular coil when there is no 
variation with time, as worked out in a 
previous paper. 11 

5. The Relation of Vector Potential 
to the Terminology Used in Reso¬ 
nant Cavity and Wave Guide 
Theory 

Since the terminology of resonant 
cavities and wave guides refer to the elec¬ 
tric and magnetic fields and the tables 


we wish to use are given in terms of poten¬ 
tial, it is first necessary to translate one 
type of language into the other to under¬ 
stand what types of potential and vector 
potential give rise to E and H waves. 

Let it be assumed that the direction to 
which the properties of the waves are 
referred is the z direction. Thus, if Ex 
is zero, the wave is a transverse electric 
(TE) or H wave. If H z is zero, the wave 
is a transverse magnetic (TM) or E wave. 

Consider the general case where the 
charge is moving with a velocity u which, 
has the components u x , u y , and u z . Then 
Maxwell’s equations are 

V 2 d— b 2 »/c 2 di 2 — — p/e 
VMfc— b^Ax/c^bt* =» — pu x 

V 2 Ay — b 2 Ay/C 2 bt 2 = —pUy 

VU g -&A z /c*W = - P u e (40 > 

From these, v and A can be found from 
the tables when the boundary conditions 
are given. Now consider the case where 
u x and u t are zero, so that A x and A z are 
zero. The equations for the electric and. 
magnetic field then become 

Ex=— bv/bx H x <=*—bA v /bz 

E y =* — bv/by—pbA y /bt H v —0 
Eg——bv/bz Hg^bAy/bx (41) 

On the other hand, if u x and u v are equal 
to zero, A x and A y are equal to zero, and. 
the equations for the electric and mag¬ 
netic field become 

J2* =» — bv/bx Hx—bAg/by 

Ey — — bv/by Hy=>- bAg/bx 

Eg= —bv/bz—pbAg/bt H z =* 0 (42) 

It will be noted that in the second case, 
where the charges move only in the z 
direction, H z - 0 , as would be expected, 
and this corresponds with the definition 
of a TM or E wave, since there is a com¬ 
ponent of E in the z direction. In the 
first case there is a component of H in the 
z direction, but there is also a component: 
of E in the z direction, namely, E t = — 
bv/bz. However, it is seen from the 
equations for v and A y that v is propor¬ 
tional to p/e and A y is proportional to 
pu v . It is possible, therefore, to have u v 
very large, so that the product pu v is 
large compared with p/ e. We may, there¬ 
fore, let pUy—i y , the current density in 
the y dir ection, which can be taken to 
remain finite, although it may be assumed, 
that p—*-0 and thus o-K). Under the 
latter assumption, which seems to corre¬ 
spond with assumptions as to E and H in 
resonant-cavity and wave-guide theory, 
the first equations become those corre¬ 
sponding to a current in the y direction, 
giving an H or TE wave in the form 

Ex=0 E x — —bA v /bz 

Ey — — flbAy/bt Hy = 0 

Eg—O * H z =*bAy/bx ( 43 ) 
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The second set, with charges moving in 
the direction of the z axis, corresponds to 
an E wave or TM wave in the form 

-E*=0 H x = bA z /by 

E u —0 H v =*—bAg/bx 

E g =-^bA g /bt H g ~ 0 (44) 

and obviously by comparison with these, 
if the charges only move in the * direction 

E x «■ — nbA x /bt H z =0 

E v =*0 H v —bA x /bz 

E z =>0 H a — —bAx/by (45) 

When the given direction is the z direc¬ 
tion, the first (equations 43) and third 
(equations 45) of these groups are gener¬ 
ally combined by adding together, since 
it will be noted that in each of them 
.Eg—0, and thus the resultant of adding 
them corresponds to a TE wave. We 
shall not combine them, however, as it is 
simpler in practice to work them out 
separately, and then add the final result. 

Therefore, in the following we shall 
omit the electric intensity derived from 
the scalar potential given by the terms 
bv/bx, bv/by, and bv/bz, on the basis 
that these are negligible in usual cases 
compared with fibA x /bt, etc. However, 
these electric intensities can be easily ob¬ 
tained, and should not be entirely over¬ 
looked in future developments where 
they may prove helpful. 

Thus the solution of the field in any 
given cavity is reduced to the determina¬ 
tion of the three vector potentials A x , 
A v , and A z . In order to obtain these 
vector potentials from the Tables of 
Green’s Functions, it is necessary to 
know what the boundary conditions are. 
We shall take the vector potential cor¬ 
responding to suitable boundary condi¬ 
tions in the following, and show that these 
conditions agree with those usually taken 
in terms of E and H in the usual approach. 

6. Resonant Cavities 

A rectangular box-like cavity is excited 
by a current I cos at passing through it in 
the z direction. The resulting electric 
and magnetic fields inside the cavity may 
be obtained by the following procedure. 

Let the sides of the cavity be given by 
x — 0, x—a, y=Q, y—b , 2=0 and z=s. 
Then, from the tables, the instantaneous 
Green’s function can be found correspond¬ 
ing to the solution of the wave equation 
for a nondissipative medium, for an in¬ 
stantaneous charge placed at the point 
Xi, yi, Zi at the time t\, corresponding to 
the equations 

—b 2 w/c*d/* = — p/e 
and 


V^Ag-b^Ag/^bt^-pUg (46) 


when suitable boundary conditions are 
known. The current in the z direction 
produces a TM wave. The boundary 
conditions for a TM wave will be found 
in any textbook to be those given in 
equation 54 in terms of E and H. We 
need the corresponding boundary condi¬ 
tions in terms of A, which can be shown 
to be Ag = 0 at the x and y boundaries 
and bAg/bz at the z boundaries. From 
the tables, it is found that for an instan¬ 
taneous charge moving in the z direction 

A g =*mig = QugcX }p (v,v) Yi t (v,v)ZiAv' t v')Y. 

sin chit—ti)H(t,ti)/S (47) 


X lp (v,v) 


Yi a (v,v) 


»,») ■=— > sin a v x 


sm atpX i 


sin fay sin fayi 




cos 7 gZ cos y s zi 


(48) 


where a p =pv/a, fa=qr/b, y s =sir/d] p, 
q and s take the values 0, 1, 2, 3 . .. and 
6 4 =a: p 2 +/V+y* a . Here again, as ex¬ 
plained in section 1, in writing the result 
in the usual manner, the summation signs 
in equation 48 are placed in front of the 
right-hand side of equation 47. 

Since the current is given by I cos a(t— 
to), this corresponds to charges varying as 
Q cos a(t—to), and an integration with 
respect to y corresponding to the length 
of circuit. Assume the charges have 
been flowing from the time t 0 to t; then, 
the vector potential is obtained by inte¬ 
grating Ag cos a(ti—to) with respect to h 
from to to t, obtaining 

Ag i ^Qugc'Xipiv.v) Fi { (» j d)Zi,(»',s')X 

t cos«(*-/o)-cosc8(/-/ofl„ v ..„ 

(49) 

The last term inside the square bracket 
corresponds to the initial “transient,” 
and in any cavity or wave guide, with 
even a small amount of dissipation, will 
die away with time so that the “steady 
state" Ag 2 is given by 


A& = QugC 2 Xi P (v,v) Yi e (v,v)Zu(v',v')X 

cos a(f—to)/(a 2 — c 2 i 2 ) (50) 


which is the “steady-state” vector po¬ 
tential in the cavity, due to a current 
element I cos a(t—to) in the z direction 
at the point xi, yi, Zi. 

This result is in the form of a triple 
infinite series of the Fourier type. How¬ 
ever, it will also be noted that A z contains 
in the denominator the quantity <o 2 —c 2 5 2 . 
By properly choosing the dimensions of 


the box, this quantity may be made as 
email as we please, and if it were not for 
dissipation in the cavity, A z2 would be¬ 
come infinite. This case, however, is the 
one that is of interest, and to study it 
we need only the one term of the series 
for which w 2 —c 2 5 2 =0, since all the other 
terms will be small compared to it. As¬ 
sume that the size of the cavity is such 
that the relation holds for given values 
of p, q, and r. The summation signs in 
Xi p (v,v), Yi t (v,v), and Zi«(t»'/) may be 
dropped. Using p, q, and 5 for these 
specific values, A z2 becomes 

. 8 Quc 2 . p-irX . PirXi., 

Agi = —— sm — sm-X 

a6d(w 2 —c 2 5 2 ) a a 

. qiry . qvyi . 

sin-— sm —— cos —~X 
b b d 

cos —~ cos a(t—to) (51) 
a 

and from this, if we write 

8 Quc 2 . pirXi . pwyi 

——— sm-sm —— X 

abd(u 2 —c 2 5 2 ) a b 

cos ——‘**K (52) 
a 

Then, from equation 44 

_ __ , pvx . airy Sirz . , . 

Eg—Ku sm-sm —— cos — 7 - sm a{t — to) 

aba 

__ qvK . pirx qiry Sirz 

H x — 77 — sm-cos —— cos —— X 

[baba. 

cosw(t—to) (53) 

pirK pirx , qiry sirs 

H v = —-cos — sm — 7 — cos •——X 

a aba 

cos u(l~to) 


and these are the usual forms for trans¬ 
verse magnetic TM waves or E waves. 
We can now see that the values for the 
boundary conditions with respect to A s 
chosen above correspond with the follow¬ 
ing set of equations 


Eg—0 when x =0, 

bHx/by —0 when y =0, 

bHy/bx =0 when *=0, 


Eg=Q when x—a, 

bHx/by =0 when y—b, 

bH v /bx=*0 whenac=a, (54) 


and these are the relations taken for Eg, 
H x , and H v in the usual approach. 

The vector potentials A x and A v due 
to a current I cos a(t—to) in the x and y 
directions, respectively, can be written 
down by comparison 


p-rrx . qiry . sirs 

A x —Ki cos-sm —— sm —r cos u(t—t 0 ) 

d b d ' 

. _ . P*x q*y . stz 

A v =Kgsm -cos-—sin — cos (at—to) 

aba 

(55) 

From these the values of E and H can 
be obtained, using equations 43 and 45. 
These two latter results are generally 
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added together to give the complete 
expression for the TE field. The results 
may then be compared with those given 
by Schelkunoff . 12 


7. Wave Guides 


The wave-guide theory is quite similar 
to the theory of the resonant cavity just 
discussed. It uses another form of the 
solution of the wave equation, which can 
be readily derived from the solution for a 
resonant cavity above. Write equation 
51 in the form 



f 


COS wit-lo) 


cos y s z cos y s Zi 
« 2 -c 2 S 2 


(56) 


where X lp {v,v) and Y lt (v,v) are given by 
equation 48 and y, and S are given in the 
lines following equation 48. This equa¬ 
tion for A t can be summed with respect 
to s giving 


E 


2 cos y s z cos y s zi 

d[« 2 -c 2 (a p 2 +/V)-cVl 

cosh yz cosh yjd—Zi) 
y sinh yd 

.cosh yzi cosh y(d-s) K , 

[1 - ff(w)I+ — x 

H(s, Sl ) (57) 


X 


where cV»« 2 -<; 2 (ap 2 +/3 ff 2 )- This re¬ 
sult may be readily obtained by expanding 
the right-hand side of this equation in 
partial fractions. 

Since the source exciting the wave 
guide is located at zi to study the propa¬ 
gation along the wave guide, it is usual 
to take only the coefficient of H(z,zi) in 
the foregoing, since it gives the vector 
potential when z>zi. Thus the vector 
potential becomes, when z>zi 

Ag=Qu g X ip (v,v) 7i fl (ti,«)cos o>(t-to)X 

cosh yzi cosh yjd—s) . 

7 sinh yd 


We note, of course, that if 7 = 0 , the vec¬ 
tor potential tends to <», as in the case of 
the resonant cavity. However, if y^O 
there are two cases to be considered 


Here the term e~ yt falls off exponentially 
with z, and rapidly reduces the fields to a 
low value, except when y is small. Thus 
only a negligible amount of energy would 
be transmitted over such a wave guide 
The region corresponding to these values 
of y is called the region of high attenua¬ 
tion. 

When y is imaginary, however, the 
hyperbolic terms in z are replaced by 
sinusoidal functions, and writing y a =iy, 
the vector potential becomes (writing the 
values of X\ p (v,v) and Yi c (v,v) in full) 


EE 


sin a.pX sin ctpXi X 


4 Qu t 

ab ______ 

v “ * 

sin 18 9 y sin /3 ? yi cos a(t—to)X 
COS 7aZi cos 7 qjd—z) 
7 a sin 7 a d 


(62) 


For comparison with the expressions given 
in the literature, write 



sin ctpXi sin (t 9 y iX 

(63, 

7o sin 7a d 


Then 


Pvx . q*y ,, w , 

A e **K sin-sin —— cos 7 a (d—s)X 

a 0 


cos w(<— to) 


. pvx , airy ,, x 

E z *=Ka) sin-sin- 7 - cos 7 B (a—z)X 

a 0 

sin uit—k) 

„ Kqv . prx qvy . . 

H x — —— sin — cos — cos 7 <*(d—z)X 
0 a 0 

cos uit—to) 

„ Kpir pirx . qiry . 

H v --cos-sin cos 7 a(o— z) X 

a a 0 

cos w(f—fo) (64) 

which may be compared with those given 
by Southworth , 13 who does not write 
explicitly the terms involving time. 

It will be noted that in the case of the 
resonant cavity and wave guide, the fields 
derived were those due to a point source. 
To obtain the field due to the current in a 
finite length of wire, integrate over the 
length of the wire, as in the previous 
examples. 


1. If« 2 -c 2 (« P 2 W)>0. 

then 7 is real (59) 

2. If « 2 -c 2 (VW)<°> 

then 7 is imaginary (60) 

If y is real, the type of propagation is 
most readily seen by making the length 
of the line d infinite, giving 

•4* =» QugXi p (v,v)Yi q {v,v) cos u(t-to)X 

e _Y * cosh 7 S 1 

-- (01) 

y 


8. Other Co-ordinate Systems 

The Tables of Green’s Functions al¬ 
ready published only cover rectangular 
co-ordinates. Similar tables for cylin¬ 
drical and spherical co-ordinates have 
also been prepared, but are not yet pub¬ 
lished. Some results for these co-or¬ 
dinate systems are available elsewhere. 
For instance, a paper by J. Dougall 14 
gives a large number of Green’s Functions 


in cylindrical and spherical co-ordinates, 
but only for conditions which do not vary 
with time. Gray, Mathews, and Mac- 
Robert 15 refer to this paper, and also 
work out a number of the results in cylin¬ 
drical co-ordinates, again for conditions 
which do not vary with time. When 
conditions vary with time, if the Green’s 
function for an instantaneous point source 
of heat can be found in the literature or 
otherwise, then the Green’s function for 
an instantaneous point charge may be 
obtained from it by changing the time 
function 7\* in the heat problem to r 2 * 
in the charge problem where 

7\*=exp{ — [(a p 2 +/? ff 2 -f 7r s )(* — M/&i]} X 
HitM/Si (65) 

and 

y sin [(<—<i)(ap a +ff g 2 +7r 2 )Vga^] Hjt,h) 
1 [(a p 2 4-/3 9 2 + 7T l )gi]i 

( 66 ) 


This procedure is explained in a paper 
by the author 16 where the preceding 
equations are given as equations 8.18 
and 10.2 respectively. Many expres¬ 
sions for Green’s functions in the the¬ 
ory of heat due to instantaneous point 
sources in cylindrical and spherical co¬ 
ordinates will be found, for instance in 
Carslaw , 17 and these may be translated 
into electromagnetic theory by this 
method. It should be noted this pro¬ 
cedure applies only when the results are 
given in terms of normal co-ordinates, so 
that the term containing time does not 
involve any of the other co-ordinates. 

As an example, Carslaw (on p. 197) 
gives the Green’s function for an instan¬ 
taneous point source of heat at ri, 0 i, 
Z\ inside the space bounded by the cylin¬ 
der r—a and the planes 2 = 0 , z—h, 0—0 
and 0-do, when the walls are at zero tem¬ 
perature 


ivy 

aMo / j / j 


sin yz sin 721 sin SO X 


where 


. „„ Jsi^)J^ari)^ 

Smi °‘ IMcaW 7 


(67) 


r=exp [-kia'+y'Xt-h)] ( 68 ) 

a is a positive root of Js(aa) -0,y—mir/h 
and 8 = m r/fl 0 and m and n take the values 

of 1, 2, 3_ To get the corresponding 

field due to an instantaneous point charge, 
change T to T\ where 

csin [c(<-fr)(tt 2 + 7 *)>] (69) 

(«*+y*)i 


9. Conclusion 

The application of the instantaneous 
point source or the Green’s function to 
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the evaluation of electromagnetic fields 
has been illustrated by several examples. 
These range from a straight wire of finite 
or infinite length in free space, where there 
are no boundaries at a finite distance, to 
resonant cavities and wave guides, where 
definite boundary conditions have to be 
met. It is surprising in this method of 
approach how many different problems 
can be evaluated from a single result ob¬ 
tained from the Tables of Green’s Func¬ 
tions. 

The procedure described here should 
help fill a gap which has existed between 
the two approaches which we may call 
the methods of circuit theory in the cal¬ 
culation of fields, and the methods based 
on the calculation of fields from the wave 
equation of Maxwell. In recent years 
the distinction between the two ap¬ 
proaches has been growing less and less, 
as is evidenced by the general use of 
Maxwell’s equations in connection with 
resonant cavities and wave guides. The 
solution of Maxwell’s equation corre¬ 
sponding to the instantaneous point source 
or the Green’s function is admirably 
adapted to giving expressions for the field 
due to a charged particle at rest or in mo¬ 
tion. From this, it is only a short step to 
build up the solution for a circuit by inte¬ 


gration of the individual charges placed 
around the circuit. How this can be done 
is illustrated in the paper by several typical 
examples, and, at the same time the cor¬ 
responding fields are derived. 

It may also be pointed out that the 
solutions obtained here contain not only 
the “steady-state” solution, but also 
terms corresponding to the “transient” 
solution, which ensure that at a distance 
r from the source, the field is zero when 
r>c(t—to), so that a wave travelling with 
velocity c has not reached the point. 
These transient terms are not included in 
the usual theory, but doubtless as further 
work is done, they will prove useful. 
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No Discussion 


of this laboratory were now directed 
toward making a lighter higher-speed 
simplified teletypewriter. 

In February 1944, Kleinschmidt Lab¬ 
oratories, Inc., exhibited a progres¬ 
sive stop printer to the officials of the 
Office of the Chief Signal Officer. Fur¬ 
ther development led to the standardiza¬ 
tion of K’einschmidt teletypewriters for 
the armed forces in 1948. 

Features 

The evolution of design resulted in the 
production of the light-weight printer 
shown in Fig. 1. This is a completely 
tactical unit weighing 45 pounds, includ¬ 
ing a submersible cover (not shown). 
Fig. 2 is a view with the dust cover re¬ 
moved, showing the simplicity, the re¬ 
duced number of parts, and the extreme 
accessibility. Because of simplicity and 
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High-Speed Teletypewriter Equipment 
for the Armed Services 

C E. SCHULTHEISS 

MEMBER AIEE 

T HE constant striving of the Signal lightness, resistance to environment, 

Corps Engineering Laboratories and simplicity in maintenance, and, finally, 
the foresight and ingenuity of an enterpris- an ability to operate while being trans- 

ing laboratory have' produced a tele- ported, as in a plane or jeep, 
typewriter capable of 60 to 100 word-per- These features were not available in 
minute operation, suitable for the armed any commercial printer, and as late as 
forces. This paper outlines the develop- 1940 it was necessary to standardize on a 
ment; discusses the features making modification of a commercial model in 
this equipment unique and acceptable order to have any supply of teletypewriter 
to the armed forces; and shows the com- equipment available for the armed forces, 
plete line of equipment as used in an During this time, however, much progress 
integrated communication system. had been made, both at the Signal Corps 

Engineering Laboratories and in private 
History laboratories, in producing the desired 

features. 

As early as 1926 the Office of the Chief One such-laboratory was. that directed 
Signal Officer recognized the need for by E. E. Kleinschmidt. Mr. Klein- 
teletypewnter equipment having features schmidt had been continuously active in 
required by a mobile tactical force, research and development of teletype- 
These features were extreme portability, writer equipment since 1895. The efforts 

Schultkeiss — High-Speed Teletypewriter for the Armed Services March 1954 


88 








Fig. 2. TT-4A shown with dust cover re- 
Fig. 1. TT-4A shown with dust cover moved 


fewer parts, adjustments and mainte¬ 
nance have been greatly reduced. 

Two other operating features are high¬ 
speed printing at a lower revolution-per- 
minute rate, and ease of speed control. 
A complete explanation of each will be 
presented under the sections entitled 
“General Functioning” and “Speed 
Control.” 

Unitized Design 

In addition to the operating features 
mentioned, the design of the page printer 
is such that the separate functions are 
actually accomplished in physically sepa¬ 
rate units. As an example, the selector 
mechanism, shown in Fig. 3, consisting 
of the selector magnet (removed in this 
view), selector levers, cam, transfer mech¬ 
anism, etc., can operate and perform its 
function separate from other mechanisms. 
Further, this mechanism can operate in 
other positions, as it does in a reperfora¬ 
tor, see Fig. 14. It was therefore possi¬ 
ble to use standard parts throughout the 
entire line of equipment. The same is 
true of the code-bar cage, the keyboard, 


the printing mechanism, the stop-start 
clutch, the tape-handling mechanism, 
and many other smaller parts. 

Basic Teletypewriter System 

To better understand the detailed func¬ 
tioning, it is well to review the basic sys¬ 
tem and principle of operation. Fig. 4 
shows the basic circuit for two inter¬ 
connected tdetypewriters. The sending 
contacts of either machine will operate 
both selector magnets in accordance with 
the signaling code assigned to the charac¬ 
ter being sent. 

The signal code, known as the Baudot 
code, is made up of five equal length 
units or elements. Each element may be 
either a marking or spacing pulse. Fig. 5 
is a sample complete signal for a typical 
letter, in this case, X. The two condi¬ 
tions, either marking or spacing, of each 
element of the code are represented elec¬ 
trically by current or no current in neutral 
operation, or by the polarity of the cur¬ 
rent in polar operation. These two con¬ 
ditions may also be represented me¬ 
chanically by the relationship of five bars, 


as shown in Fig. 6. The basic operation 
requires the setting up of the signal code 
mechanically by code-bar positions; then 
transfo rmin g this position relationship 
to an electrical and time relationship 
for transmission; and finally back to a 
mechanical or position relationship for 
printing or perforating. 

The sending code bars may be posi¬ 
tioned by depressing a key on the key¬ 
board. The position of these code bars 
is transformed into electric sequential 
pulses (square waves in the ideal signal) 
by a motor-driven cam. This cam, by 
means of sensing levers, converts the posi¬ 
tion of each code bar into closed or open 
contacts, thus sending a marking or spac¬ 
ing pulse for each element as the five code 
bars are sensed in turn. The receiving 
code bars are positioned by a motor driven 
cam, but the sensing, when receiving, is 
done by the selector magnet whose arma¬ 
ture is pulled up on a marking pulse, or 
released on a spacing pulse. 

As the position of the first code bar is 
sensed and sent as an dectrical pulse, the 
receiver must sense this first dement of 
the code group to position the first code 
bar of the recdving teletypewriter. 
This becomes a problem of synchronizing; 
no matter how closdy the sending and 
recdving motors were adjusted to the 
same speed, they would in time be sepa¬ 
rated. It becomes necessary, therefore, to 
send a synchronizing pulse which is ac¬ 
complished in all standard tdetypewriter 
communications by sending a start and 
stop pulse. Thus, there is a complete 
stoppage of the selecting mechanism be¬ 
tween each code group. 

The complete signal sent for each letter 
or sdection is as shown in Fig. 5 with 
the code for “X.” It consists of the 
basic 5-unit code, preceded by a start 
pulse, which is a spacing or no current 
condition, and followed after the fifth 



unit by a stop pulse, which is a marking 
Fig. 3 (left). View of or current condition. The start pulse is 
selector mechanism with samp, length as each unit of the code, 

selector magnet re- the stop pulse is 1.42 times as long to 

move insure time for completion of the recdv¬ 

ing functions and a complete stop. The 
signal per character sent is made up of 
7.42 units. 


Fig. 4 (right). 
Basic teletype¬ 
writer system, 
schematic dia¬ 
gram 
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U FIVE-UNIT CODE_! 

I FOR LETTER X , 

Fig. 5. Standard 5-unit code signal for the 
letter X 



Fig. 6. Relationship between mechanical 
(position) and electrical (time) forms of the 
5-unit code 


General Functioning 

This high-speed equipment operates at 
60 to 100 words per minute with some 
units designed for 125 words per minute. 
To appreciate the design features which 
allow this high-speed operation, it will be 
necessary to investigate the timing in¬ 
volved, and the general functioning of a 
typical printer. 

At 100 words per minute there are ten 
selections per second, allowing a standard 
of six characters per word. This is a 




Fig. 7. Changing mechanical settings into 
electrical pulses 


SELECTOR Y-SHAPED 

LEVER LEVER 




Fig, 8. Pulse-recording portion of the 
selector mechanism 

total of 100 milliseconds per code group, 
which consists of 7.42 units. The dura¬ 
tion of the start pulse and each element 
of the code is 13.5 milliseconds, and for the 
stop pulse, 19 milliseconds. The speed 
of operation can best be realized by com¬ 
paring this to the time of 17 milliseconds 
for one revolution of the 3,600-rpm motor. 

To accomplish the above speed, the 
design was conceived to complete an 
operation in each half revolution, thereby 
reducing shaft speeds to reasonable 
values. The reduced shaft speeds mean 
reduced forces, reduced noise, and re¬ 
duced wear and maintenance. Also, 
most cams and stop levers have two 
working surfaces, one which rests on each 
operation, thus doubling the useful life 
of these parts. 

The detailed functioning of the sending 
mechanism is shown in Fig. 7. This out¬ 



Fig. 9. Transfer mechanism before transfer 
operation occurs 


line drawing shows one code bar with its 
associated sensing and selector lever 
in each of the marking and spacing posi¬ 
tions, A and B of Fig. 7. The transmit¬ 
ting cam is shown operating, in each 
case, at roughly the center of a code ele¬ 
ment. Note that the two lobes on the 
cam give two operations per revolution. 
This cam is actually a drum, containing a 
start lobe, five code lobes, and a stop lobe 
arranged opposite its associated code 
bar and stepped around the cam to give a 
time sequence to the pulses. 

In the receiving mechanism, outlined in 
Fig. 8, the sensing lever is replaced by the 
sdector magnet armature. When the 
selector magnet senses the start pulse, 
the sdector cam is released to revolve. 
Each section of this compound cam strikes 
its associated sdector lever and drives the 
T-shaped lever to the right for recording 
a marking element, Fig. 8(A), or to the 
left for a sparing element, Fig. 8(B). 
The selection is thus set up and stored in 
the mechanical position of the T-shaped 
levers. 

A sixth cam on the sdector cam shaft 
trips the transfer mechanism, Fig. 9, 
and drops the T-shaped levers, which 
transfer the code as set in the T-shaped 
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ADJUSTMENT 



ADJUSTMENT 



Fig. 12. Worm drive for adjusting governor 

Feature 4 is very important to a tactical 
machine and was one reason for selection 


levers to positions of the code bars. 
These bars are so notched that there is 
one (and only one) position below a stop 
lever where there will be a notch in each 
code bar. The transfer action resets the 
code bars, which cam out the previously 
selected stop lever and allow the newly 
selected stop lever to fall in, under the 
influence of a spring, and intercept the 
stop arm of the square shaft which was 
set in motion by the transfer action. 
Note again the two ends on the stop arm 
which give two operations per revolution. 
The position of the square shaft sets the 
type selecting arm. 

Fig. 10 shows how typing is accom¬ 
plished. The printing bail moves the 
shaft, holding the type-selecting arm, 
through the helical gear, striking a ham¬ 
mer blow on the type bar linkage to cause 
printing. Outstanding features are: 

1. The hammer blow of the type bar; 

2. The design of the type basket; 

3. The arrangement of the type bars; 

4. The power-driven carriage; 

5. The stationary platen. 

Features 1, 2, and 3 combine to allow 
interference-free operation of the type 
bars at well over 150 words per minute, 
giving a comfortable margin over the de¬ 
signed 100-words-per-minute operation. 


of this equipment for the armed forces. 
Being power driven, the carriage will 
space and return at; angles up to 45 de¬ 
grees. This is a mand atory[fa ctor for air¬ 
borne equipment. Feature 5 minimizes 
the problem of paper handling, especially 
fanfold and multiple copy. On all fixed 
plant equipment the standard platen is a 
sprocket type to handle either plain 
paper or multiple copy having perfo¬ 
rated margins. 

Speed Control 

Whenever this equipment is designed 
as a completely tactical unit, the motor 
used must be universal, since power sup¬ 
plies in tactical areas are unregulated. 
The problem is, then, one of speed con¬ 
trol. The equipment can tolerate con¬ 
siderable speed variation between send¬ 
ing and receiving units when there is an 
ideal signal, but any speed change be¬ 
tween one synchronizing stop pulse and 
the following does change the point of 
selection from the ideal. No signal, of 
course, is ideal, and all contain some dis¬ 
tortion. One measure of the equipment 
is the amount or margin of distortion it 
can accept. Speed variations reduce 
this margin and must therefore be held to 



with shutters through which a 3-dot 
target is viewed; see Fig. 2. 

The motor speed is controlled by the 
opening or closing of spring-balanced 
contacts which are mounted as a governor 
unit directly on the motor shaft. The 
shaft is controlled at a nominal speed of 
3,600 rpm. The contacts are posi¬ 
tioned so that they are affected both by 
centrifugal and acceleration forces. With 
reference to Fig. 11, the movable contact 
is seen to be balanced by a spring and 
lever assembly positioned by an adjust¬ 
ing screw. This adjusting screw forms 
the axis of a gear which engages a left 
or right hand worm, see Fig. 12. This 
whole assembly revolves with the motor 
shaft. The worm shaft is floating, and 
may be gripped between the forefinger 
and thumb and held so either the left or 
right hand worm engages the gear. 
The gear then revolves clockwise, as 
viewed from the governor end, around the 
now-stationary worm in a manner which 
drives the adjustment screw to the left or 
right, resulting in an increase or decrease 
of motor speed. Speed is easily con¬ 
trolled within plus or minus one half of 
one percent. 

The Communication System 

There is available to the armed forces 
a complete line of high-speed teletype¬ 
writer equipment from the tactical light¬ 
weight portable page printer to a fully 
automatic switching center. Each unit 
makes use of the same basic design of 
transmitting units, selector mechanism, 
page-printing mechanism, tape perforat¬ 
ing and printing mechanism, and other 
minor units. 

Fig. 13 shows a communication system 
using all the available units. This figure 
will be used as a reference to show how 
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Fig. 15 (left). 
Teletypewriter 

equipmentANA 

TGC-5 


Fig. 17 (right). 
Teletypewriter 
equipmentANA 
FGC-25 


each of the separate equipments fit into 
the integrated system. 

Previous discussion has introduced the 
TT4 light-weight page printer, Fig. 1. 
This printer forms part of a set AN/- 
PGC-1, including carrying case and ac¬ 
cessories. It is highly transportable for 
use by the smaller army organizational 
units up through the division. At corps 
headquarters, the reperforator unit AN/- 



Fig. 16 . Teletypewriter equipment ANA 
FGC-20 


GGC-3, as shown in Fig. 14, would be 
introduced. At this point, communica¬ 
tion enters the automatic transmission 
stage. The reperforator cuts the tape 
which is now available for manual inser¬ 
tion into the proper tape distributor asso¬ 
ciated with each reperforator. Routing 
and starting of transmission are manual. 
This equipment is considered tactical. 

At least one AN/GGC-3 unit will be 
associated with the army headquarters, 
where the semi-automatic or torn-tape 
switching center, AN/TGC-5, is intro¬ 
duced. A typical unit is shown in Fig. 
15. A theater headquarters may be 
similarly equipped. This equipment is 
transportable and may be expanded to 
any number of lines desired. 

It is understood, of course, that any 
number of interconnections to other head¬ 
quarters or automatic switching centers 
may be made. Likewise, there would be 
associated with each AN/TGC-5 center 
outlets for local delivery or connections 
for incoming messages from smaller units. 

Local deliveries are made on the fixed 
plant page printers AN/FGC-20, shown 
in Fig. 16. Each is equipped with its 
own table and power supply and has such 
refinements as quiet operation, automatic 
carriage return and line feed, manual 
reset to “letters,” use of either roll or 
fanfold paper, and, finally, a paper re¬ 
wind as optional equipment. 

Where messages are to originate, as 
well as be delivered, as in a switching cen¬ 
ter or smaller fixed positions, an AN/- 
FGC-25 unit is used. This unit is shown 
in Fig. 17. These units may be used on a 



loop, with each having its own call. The 
FGC-25 unit has a page printer, perfora¬ 
tor, transmitter-distributor, and a reper¬ 
forator of special design so that a selec¬ 
tor mechanism is continually monitoring 
the incoming line. When a proper call 
signal is received, the selection is auto¬ 
matically transferred to the reperforator 
or page printer, as the operator may 
choose, and the message recorded. Mes- 



Fig. 18. Teletypewriter equipment ANA 
FGC-30 (typical unit) 
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sages can be made up or relayed at this 
point through the transmitter-distribu¬ 
tor, which is part of the set. 

The AN/FGC-30 central office is a fully 
automatic switching center in which 
messages with several degrees of priority 
and with multiple addresses are proc¬ 
essed, along with simple through mes¬ 
sages. Use is made of cross-office units, 
which must be run at a higher speed 
(up to 125 wpm), to prevent blocking an 
incoming line. Throughout, teletype¬ 
writer equipment in the switching center 
is an adaptation of the basic unitized de¬ 
signs. A typical unit is shown in Fig. 18. 
Besides the basic units, automatic opera¬ 
tion requires other special units such as 


tape storage indicators, tape motion 
alarms, tape readers, and other minor 
indicators. In addition to the teletype¬ 
writer equipment, the switching center 
contains the “brain” of relays directing 
and controlling the numerous functions. 

Conclusions 

The stress on high speed has come 
about because of the benefits of auto¬ 
matic message handling. Teletype¬ 
writers operating at 100 words per minute 
no longer limit the operator. Some units 
are presently designed for 1'25-word-pro¬ 
minute operation, and there are pessi- 
bilities of even greater speeds. 


Automatic operation, however, pushes 
the limits of equipment. The inertia 
phenomena of moving levers and of the 
electrical circuit became increasingly im¬ 
portant as a limit is reached. Trans¬ 
ferring a message to the printed page by 
simple mechanical means has a limit 
since type must be moved in and out of 
position. The future for teletypewriter 
equipment lies in the production of high¬ 
speed light-weight simple economical 
units for use at origin and delivery points 
of messages. 



Analysis of Linear Time-Varying Circuits 
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Method 

LOUIS A. PIPES 

MEMBER AIEE 


Synopsis: This paper presents a general 
mathematical technique for studying the 
response of linear time-varying circuits that 
contain parameters whose magnitudes vary 
in a periodic manner with the time. The 
method presented is based on the Brillouin- 
Wentzel-Kramers (BWK) procedure, which 
has been widely used in connection with 
problems of wave mechanics. This method 
gives approximate results with very little 
error if the variable circuit elements exhibit 
small variations about a large average value. 
The application of the method to circuit 
problems is illustrated by using it to study 
the free and forced oscillations of typical 
series circuits that contain periodic capaci¬ 
tance, resistance, and inductance parameters. 

T HE general behavior of electric cir¬ 
cuits whose parameters are constants 
has been extensively studied and is well 
understood. In recent years, a great 
deal of attention has been paid to the 
general theory and performance of cir¬ 
cuits whose parameters are functions of 
the time, especially when they vary 
periodically. 1 ” 9 Examples of linear time- 
varying circuits of practical importance 
occur in the theory of electrical com¬ 
munications. Frequency modulation, for 
instance, utilizes variations of capacitance 
or, to a lesser degree, inductance. The 
microphone transmitter contains a varia¬ 
ble resistance whose value is varied by 


some source of energy outside the circuit, 
and the capacitor microphone contains a 
variable capacitance. The introduction 
of superregeneration has especially stimu¬ 
lated an interest in circuits that con¬ 
tain periodic variation of a resistance 
parameter. 10 

The mathematical analysis of the per¬ 
formance of electric circuits whose para¬ 
meters are periodic functions of the time 
leads generally to the solution of 
Mathieu’s and Hill’s differential equa¬ 
tions. These equations have the follow¬ 
ing general form 

d £+GKx)y=H(x) ( 1 ) 

dx* 

where G\x) is a periodic function of x and 
H(x) is a continuous function of x. Des¬ 
pite the vast amount of literature on the 
theory of Mathieu functions, 11 it is still 
a formidable task to obtain rigorous solu¬ 
tions of equation 1 in cases of practical 
importance, and approximate methods 
must be employed. 

BWK Approximation 

The great majority of linear time- 
varying circuits that occur in communica¬ 
tions engineering have the property of the 
variable parameters involved exhibiting 


only small variations about a large aver¬ 
age value. In such cases a very good 
approximate solution of equation 1 can 
be obtained by a method used by Bril- 
louin, Wentzel, and Kramers to solve 
equations of the type 

~ % +G\x)y- 0 (2) 

in connection with problems of wave me¬ 
chanics. 12 * 1 * Although the BWK method 
was used by Brillouin, Wentzel, and 
Kramers to solve problems in wave me¬ 
chanics in 1926, the procedure is a very 
old one and the first indication of its use 
is found in the collected papers of the 
eminent mathematician Liouville, pub¬ 
lished in 1837. 

To determine the type of approxima¬ 
tion involved in the BWK procedure, con¬ 
sider the following function 

y=- 7 L=[C a «^ <*>+£«”'*<*>] (3) 

VG(*) 

where e is the base of the natural log¬ 
arithms, Ci and Ct are arbitrary constants, 
and j— V—I. The function <t>(x) is 
given by 

<£(*)■= / G(x)dx (4) 

By direct differentiation of equation 3 
it can be shown that this function satis¬ 
fies the following differential equation 

S + [ G * + l - l ts ' /G) '}- 0 (s) 

If G 2 (x) is a periodic function that 
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C(t) 


Fig. 1. Capacitance modulation 

exhibits only small variations about a 
large average value it can be shown that 

\GXx)\»\{G'/2G-Z(G'/2GY]\ (6) 

throughout the range in x, and hence 
that equation 3 is an approximate solu¬ 
tion of equation 2. 

In the case where G 2 (x) is a positive 
periodic function of equation 3 may be 
written in the alternative form 

y “ { A cos [^(a;)] +B sin fo(*)]} (7) 

where A and B are arbitrary constants, 
and is given by 4. Equation 7 is 
the usual BWK approximate solution of 
equation 2. 

Capacitance Modulation 

As a first example of the use of the 
general BWK procedure, consider the 
circuit of Fig. 1. This is a series circuit 
that consists of a constant inductance L 
in series with a capacitance C(t) that 
varies with time in such a manner that 


C(t) — Qn [1+2A cos (2pt)\ 


( 8 ) 


where Co and A are constant parameters 
with A 2 << 1. If q denotes the charge 
on the capacitance, the differential equa¬ 
tion of the circuit is 


*Z._7_ 

dt 2 ZrCo[l +2A cos (2 pt)\ 


=0 


(9) 


Typical values of the various param¬ 
eters in the case of radio frequency 
modulation are 

“o—l/V^LCo=2ir(5X10 7 ) seconds -1 (10) 

2p =2ir(5X 10 s ) seconds" 1 ( 11 ) 

A=»2X10~ 4 (12) 

It is therefore justifiable to neglect 
terms containing A 2 and higher, and write 

fl+2* cL (2*1)] “ [1 ~ 2h “* W 

Consequently equation 9 may be writ¬ 
ten in the following form 

d 2 q 



S(t) 


Fig. 2. Circuit with variable elastance 

following form 
d*y 

^+(«o/^)*(l— 2h cos2#)y=0 (15) 

This equation is a special case of equa¬ 
tion 2 with 

G(x) = {m/pW (1—26 cos 2x) 

Acos2a:) (16) 

provided that terms of order A 2 and higher 
are neglected. Since (o> 0 /p) - 2 X10 4 and 
A—2X10 -4 , it can be seen that equation 
6 is satisfied, and, an accurate approxi¬ 
mate solution of equation 15 is given 
by equation 7. In this case we have 


J' G(x)dx=(oi a /p) 




(17) 

Therefore the BWK solution of equa¬ 
tion 15 is 

y** [(<*o/P)(l - A cos 2x)]’ l/i (A cos [ax— 

c sin 2 x ]+£sin [ax-c sin 2 x]) (18) 

where A and B are arbitrary constants 
ando=(<oo/£) and c=co 0 A/2/>. 

To determine the various harmonic 
components, the following expansions 
involving Bessel functions 14 may be used 

cos (a sin 6)=/ 0 (a)+2[/ 2 (a) cos (26)+ 

J\(a) cos (46)+ ... ] X 
sin (<z sin 6)=2[Ji(o) sin (6)+ 

J*(a) sin (36)+ . .. ] (19) 

where the J n (a) functions are Bessel 
functions of the first kind and the «th 
order. With the aid of equation 19, equa¬ 
tion 18 may be written in the following 
form after certain algebraic reductions 

y=g=»K[(w 0 /£)(l — A cos 2pt)]~ 

+00 

T. -I»(«oA/2/>) cos [ua—2np)t—d] 

W M — GO 

( 20 ) 

where K and 9 are arbitrary constants. 
This is the BWK solution of equation 14 
for the circuit charge. If the quantity 
A in the square root term of equation 20 
is neglected in comparison with unity, 
this equation may be written in the 
form 


Equation 21 is a less accurate solution of 
equation 13 and was obtained by Carson 15 
by a different procedure. 

Forced Oscillations of a Circuit with 
Variable Elastance 

As a second example of the use of the 
BWK procedure, consider the circuit of 
Fig. 2. This circuit consists of a series 
connection of a constant resistance R a 
constant inductance L and a time-varying 
elastance S(t) in series with a periodic 
electromotive force E(t) — E m sin (w t ). Let 
it be assumed that the variation of the 
elastance is of the form 

5(/) = Bo[l— 2Acos (2pt)] where A 2 <<1 (22) 

So is the constant part of the elastance 
and A is a small amplitude parameter. 
The differential equation satisfied by the 
charge q on the elastance is 

Ld 2 q Rdq 

-2A cos (2pt)]q 

«=Erosin(wi) (23) 
Let 

b=R/2L, wo = V Sq/L (24) 

and introduce the new variable y(t) by 
means of the transformation 

2(25) 

In terms of these parameters, equation 
23 may be written in the form 

d 3 y 

— + [(wo 2 —6 2 )—2Aw 0 2 cos (2pt)]y 

e bt sin (w i) (26) 

Ju 

Let x—pt, then equation 26 becomes 
d*y 1 

dx^"pi K"« a ~& 2 )~2Awo 2 cos (2x)]y 

sin (ux/p) (27) 
Lp 

If the resistance R of the circuit is 
small, then & 2 «« 0 2 and the terms b 2 
may be neglected in equation 27. The 
complementary function of the differen¬ 
tial equation 27 is the solution of the 
equation 

d l y 


^+(«o 2 /£*)[l-2A cos (2*)]y=»0 


(28) 


~+wo 2 [l —2A cos (2pt)\q*=> 0 


(14) 


If the new variables, y—q and x=pt, 
are introduced, equation 14 takes the 
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q—Ko ^2 J n (a 0 h/2p) cos [(wo —2np)l—$] 
n * —oo 

( 21 ) 

where Ko and 9 are arbitrary constants. 
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This is equation 16 and its BWK solu¬ 
tion is given by equation 18. If A is 
small, it can be neglected in comparison 
with unity in the square-root term of 
equation 18, and the general solution of 
equation 28 may be written in the form 

y(x) — Aiyi(x)+A t y 2 (x) (29) 

where Ai and A 2 are arbitrary constants 
and functions yj(») and y 2 (x) are given by 
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C L 


C 


R 


3' 1 (jc)=cos [ax—c sin (2*)] 

y 2 (x) =sin [ax—c sin (2#)], a = (m/p), 

c = cooh/2p (30) 

The general solution of equation 27 
for the forced oscillations of the circuit 
of Fig. 2 may now be obtained by the 
method of the variation of parameters, 16 
in the following form 

y(x) **Aiyi(x)+A t y 2 (x)+y 2 (x) X 

^{x)yi(x)dx-yi(x) f R(x)y t (x)dx 

(31) 

where R(x) is the right member of equa¬ 
tion 27 given by 

R(x)=(E m /Lp*)* bx /p sin («*/£) (32) 

and W is the Wronskian of the solutions, 
equation 30, whose value is 

W=(yiy 2 ' —yiyi) =co Q /p=a (33) 

for the case in which h«l. The terms 
containing the arbitrary constants in 
equation 31 constitute the complemen¬ 
tary function of equation 27, and the 
terms involving the indefinite integrals 
give the particular integral of the. equa¬ 
tion. The approximate general solution 
of equation 23 may now be obtained by 
expressing equations 25 and 33 in terms 
of the original variables. It has the 
following form 

q(t)=Aie~ bt cos [a>o t—c sin (2/4)1 + 

Ai<T bt sin [tool— c sin (2 pt)] + 
(E m /caoL)e~ bt sin [corf—c sin (2 pt)\ X 
/e w sin (cat) cos [ca a t—c sin (2pt)]dt— 
(E m /uoL)e~ bl cos [woi— c sin (2pt) ] X 
f 6 bt sin (cat) sin [caot—c sin (2 pt)]dt 

(34) 

The arbitrary constants A\ and A 2 
of the transient part of the solution may 
be evaluated if the initial conditions of 
the circuit at J=0 are given. The har¬ 
monic content of the steady-state solu¬ 
tion may be obtained by expanding the 
integrand as a series of harmonic terms by 
means of equation 19 and integrating 
term by term. 

Series Circuit with Periodically 
Varying Resistance 

In recent years, the introduction of 
superregeneration has stimulated an 
interest in the study of circuits that in¬ 
volve a periodic variation of the resist¬ 
ance parameter. 7 Consider the circuit of 
Fig. 3. This circuit consists of a con¬ 
stant inductance and capacitance in 
series with a periodically varying resist¬ 
ance, R(t). It is assumed that a har¬ 
monic forcing potential E(t) =E m sin(<at) 



Fig. 3. Circuit with variable resistance 



Fig. 4. Circuit with variable inductance 


is impressed on the circuit. 

The circulating charge of this circuit 
satisfies the following differential equation 

d iP + L (,) ft + LC~~L Sin(a,) (35) 

Let the resistance parameter have the 
following periodic variation 

2?(2) = j?o[l+& cos (pt)] where k*<<l (36) 


>=■“£/ R(t)dt=b^t-)-^ sin (/4) J (37) 


b = R a /2L (38) 

and introduce the transformation 

q(t) = t~ u Wy(t) (39) 

This transformation transforms equa¬ 
tion 35 into the following equation 

—+• [l/LC-R*/4L*-R'/2L]y 
dP 

= -jp sin (cat) (40) 
L* 

If equation 36 is substituted into equation 
40 and terms of the order k* are neglected, 
the result is 


—-f[uo s +^K/ > sin pt—2b cos pt)]y 
dP 

-^ sin (cat) (41) 


V(l/LC-b*) (42) 

If b is small, p»2b and the cos (pt) term 
in equation 41 may be neglected. The 
complementary function of equation 41 
is then the solution of 

d*y 

—+mo 8 [1+(.W/vW) sin (pt)]y=*0 (43) 

dP 

Let x = pt. In the variable x, equation 43 
is transformed into 

~+(wo/£) i [l + (kbp/cac,*) sin (x)]y=0 (44) 
dx 8 

The function G(x) (of the section on BWK 
approximation) is now given by 

G(x)— («o/ p)"\/ [ 1 +(kbpf to# 9 ) sin (x) 

— [(caa/p+m sin (x] (45) 


m—kb/2cao (46) 

The function <j>(x) is in this case given by 

4>(x)=f G(x)dx = [caox/p — m cos (x)] (47) 

Two linearly independent BWK solu¬ 
tions of equation 44 are 

yi(x)—cos [caox/p—m cos (x)] 

y 2 (x)=sin [uqx/P— m cos (x)] (48) 

By the method described in the section 
“Forced Oscillations of a Circuit with 
Variable Elastance,” and after some alge¬ 
braic reductions, the following approxi¬ 
mate general solution of equation 35 may 
be obtained 

q(t) =Aie~ u ® cos [caot—m cos (pt)] + 

A 2 sin [caot—m cos (pt)] + 
(E m /woL)e -u(t) sin [ca4—m cos (pt)] X 
/6 tt(<) sin (cat) cos [caot—m cos (pt)] X 
dt-(Em/ca 0 L)e- u ^X 
cos [caot—m cos (pt)] f sin (cat)X 
sin [coot—m cos (pt)]dt (49) 

The quantities A\ and A 2 are the arbi¬ 
trary constants of the transient part of 
the solution and the terms involving the 
integrals give the steady-state response 
of the system to the BWK order of ap¬ 
proximation. 

Series Circuit with Periodically 
Varying Inductance 

As a final example of the BWK method, 
consider the circuit of Fig. 4. This cir¬ 
cuit consists of a constant resistance and 
capacitance in series with a periodically 
varying inductance parameter. The cir¬ 
cuit is energized by a periodic electro¬ 
motive force E(t) —E m sin (cat). 

The differential equation satisfied by 
the charge on the capacitance is 8 

* + f ?+ c !=£mSin(w0 (50) 

where cj> is the total magnetic flux linking 
the circuit, R is the resistance, and C the 
capacitance of the circuit. The flux cj> 
is related to the inductance of the circuit 
by the fundamental equation 
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Hence if equation 51 is substituted into 
50, the following equation is obtained 

l(^) + * S+ c“- E ” ,sin( “' ) (52) 

If the indicated differentiation is car- 


ried out, then 


LdJq ( dL\ a 

~dr + \ R+ i;) q+ c~ EmSin( “ t) 

(53) 

This equation may be written 
following form 

in the 


(54) 

where 


FW -U R+d i) 

(55) 

.let 


v(t) = fP(t)dt 

(56) 

q(t) - 6~ vW y(t) 

(57) 


then equation 54 is transformed into 

sin («/) (58) 
L 

Let it now be assumed that the varia¬ 
ble inductance has the following form 

L(t) “=L 0 [l+a sin (pt)], where a i <<1 (59) 

If equation 59 is substituted into equa¬ 
tion 55, 56, and 58, and terms in a a are 
neglected, then after some algebraic re¬ 
ductions equation 58 may be written 
in the following form 

[«<)*+2g sin (pt)]y=*-^r «° (i) sin (at) 

(60) 

where 

coo = V(l/LoC-i?V4Lo J ) (61) 

f-J (P'-Z/UC+R'/Lo') (62) 

£ sin (£<)+£“ cos (p/)J (63) 
By the transformation x-pt equation 60 


may be transformed into the form 


d*y 

^+[(wo/f>) s +2g sin (x)/p*]y 


e »(x/P) 

~ E m sia (° X /P) m 


By the BWK method discussed under 
“BWK Approximation," the following 
complementary function of equation 64 
y 0 may be obtained 


yc=*Ai cos [wo x/p—z cos («)] + 

At sin [woJ c/p—z cos (*)] (65) 

where 

z**g/a 9 p (66) 

Ai and A 2 in equation 65 are arbitrary 
constants. The method of the variation 
of parameters, discussed in the section 
on forced oscillations, gives the following 
approximate general solution of equation 
63 with the inductance variation equation 
59 

q(t)=Aie~*M cos [wo$— a cos (pt) 1 + 

Ai sin [w ot—z cos (pt)] 

(En/aaL)^^ sin [w^—3 cos (pt)] X 
y*e® (<) sin (at) cos [wo t—z cos (£()] — 
(Em/aoL)e~ v ^ sin [a > 0 t—z cos (pt)] X 
/«® (<> sin (at) cos [wo t—z cos (pt)] 

(67) 


The transient part of the solution con¬ 
tains the arbitrary constants and the 
integral terms contain the steady-state 
response. The harmonic content of the 
steady-state response may be obtained 
by using the Bessel function expansions, 
equation 19, and term by term integra¬ 
tion. 


Conclusion 

The analysis presented in this paper 
is an attempt to apply the method of the 
BWK approximation, which has yielded 
very useful and interesting results in 
problems of wave mechanics to the 
analysis of linear circuits whose param¬ 
eters vary periodically with the time. 
A survey of the literature of circuit 
analysis reveals that this powerful method 
of analysis has been neglected by the 
electrical engineers, and it is hoped that 
this presentation will give an impetus to 


its future use for the solution of problems 
involving linear, time-varying parameters. 
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Erratum 

In the paper entitled “An Analysis of 
an Analogue Solution Applied to the Heat 
Conduction Problem in a Cartridge Fuse” 


by A. E. Guile and E. B. Came which 
appeared in the January 1954 issue of 
Communication and Electronics, pages 
861-68, the key to Fig. 6 was omitted. 
The key should be: 


- - - ■ ■—• Theoretical solution, no radial 

loss 

-- Analogue solution, no radial 

loss 

.Analogue solution, with radial 

loss 
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Eddy-Current Losses in a Semi-Infinite 
Solid due to a Nearby Alternating 

Current 


H. PORITSKY 

NONMEMBER AIEE 


I N many engineering structures one is 
confronted with the problem of eddy- 
current losses in conducting solids due to 
nearby alternating currents. In electric 
machines such as motors, generators, and 
transformers, the machine parts exposed 
to variable fields are made up of lamina¬ 
tions so as to break up the eddy-current 
paths and avoid losses. Yet, in parts of 
these machines, solid metallic structures 
do occur which are exposed to alternating 
fields and which it is impossible to lam¬ 
inate. Among these are end plates of 
rotors and stators in the field of the end 
turns, and transformer tanks in the field 
of current leads. Similarly, in buildings 
of reinforced steel construction, heavy 
current leads may cause eddy-current 
losses in the steel girders. Finally, eddy 
currents may be excited in sea water or 
in the earth, either under conditions of 
zero-phase short-circuit currents in power 
lines or when alternating currents are pro¬ 
vided with ground leads. In problems 
of interference between power and tele¬ 
phone lines, the distribution of eddy cur¬ 
rents and their effect on the interference 
factors are of interest. 

In view of the above, it is important to 
have available typical solutions for eddy 
currents and losses due to them in ex¬ 
tended structures. One such structure is 
a semi-infinite conducting permeable 
solid bounded by a plane, and exposed to 
the field of an alternating current flowing 
parallel to it, as shown in Fig. 1. The 
electromagnetic field for this case, the 
exact distribution of the eddy currents, 
and the losses due to them are studied in 
the paper. In the case of the earth or 
sea water, the approximation by a semi- 


R. P. JERRARD 

NONMEMBER AIEE 


infini te solid is very good indeed. In the 
case of machine structures or steel struc¬ 
tures, no infinite solid actually occurs; 
yet a steel plate whose thickness is 
greater than the depth of the penetra-: 
tion at the frequency in question (pres¬ 
ently to be defined) will act essentially 

like a semi-infinite solid. 

The field determination is. carried out 
by solving; Maxwell’s equations both in 
air space andin the conducting, solid* and 
their solution yidds both the induced 
electric field and the magnetic field at 
every point. The solution is earned out 
for an arbitrary value of conductivity X, 
permeability /* of the conducting solid, 
distance h of the primary or exciting cur¬ 
rent from the plane boundary, and fre¬ 
quency of this current. The permeability 
H is assum ed to be constant, so that no 
effects of saturation are taken into ac¬ 
count Curves are provided in dimen¬ 
sionless form from which the complete 
losses due to the eddy currents can be 
found. The results agree with those 
obtained by J. R. Carson 1 for ix-1, and 
by N. H. Wise 2 for values of n close to 1. 

The procedure employed in solving 
Maxwell’s equations is that of Fourier- 
integral resolution. First the field due to 
a sinusoidal current sheet at a height 
above the surface of the solid is calculated. 
By using proper Fourier-integral super¬ 
position corresponding to different wave 
lengths of the current sheet, one obtains 
the field due to a single concentrated cur¬ 
rent. The resulting expression for the 
field then turns out to be a definite 
integral. 

The sinusoidal-current-sheet com¬ 
ponents used in the above superposition 
are not without interest in themselves, 


field. In particular, the induced electric 
field E parallel to the current is obtained 
as a definite integral, as shown in section 
4. While no tables are obtained for this 
integral due to the fact it would depend 
upon too many parameters, complete 
methods of evaluation of this integral are 
presented. By following these methods 
one <*a n then calculate not, only the in¬ 
duced field at points other than the pri¬ 
mary current location, but one may also 
calculate the intensity of the eddy cur¬ 
rents at any place inside the conducting 
solid. Thus, if there are several currents, 
for instance three 3-phase parallel cur¬ 
rents, the net effect on the impedance of 
each one can be obtained by superposing 
the induced fields due to each current 
• separately; the latter can be calculated 
from the integrals just mentioned. 

A further result of interest will now be 
mentioned. The question is often asked, 
What image under the surface of a solid 
will produce the same effect as is actually 
produced by. the solid itself? Thus, in 
the study of voltage surges' on transmis¬ 
sion lines, L. V. Bewley 3 utilized an 
electrostatic image for a transmission line, 
as well as an electromagnetic one. The 
former lay at a depth below the ground 
equal to the height of the transmission 
line above it. The latter lay at a dif¬ 
ferent depth and presumably produced 
the same flux linkage at the transmission 
line as was actually produced by the dis¬ 
tributed eddy currents underground. In 
the following, the question of possible 
images of these alternating currents is 
discussed (though only the steady-state 
and not the transient problem is con¬ 
sidered) . It is shown that a single image 
current is insufficient to produce an in¬ 
duced electric field which is everywhere 
the same as results from the superposition 
of the field of the primary and all the 
eddy currents; a proper distribution of 
current images lying on the same vertical 
plane as the primary current is required. 
Evaluation of this continuous-current 
image pattern is discussed. 

1. Results 

Inside the conducting medium, for fre¬ 
quencies for which displacement currents 
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since pulsating or traveling sinusoidal 
current sheets are of frequent occurrence 
in electrical machinery. By using other 
Fourier-integral superpositions, fields and 
eddy currents due to certain distributed 
exciting currents are obtained, but these 
are not evaluated in detail. 

In addition to the results just noted 
for the equivalent current impedance, 
expressions are obtained for the actual 


J 





Fig. 1. Primary current J/ frequency «/2w/ 
near semi-infinite solid 
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Fig. 2. Impedance function, real part P 


Fig. 3. Impedance function, imaginary part Q 


may be neglected, each field component of 
an alternating electromagnetic field satis¬ 
fies the differential equation 

V 2 «=a% 

where a 2 is a pure imaginary number, 
given by 

a 2 =v4xwX/iX 10 -9 


( 2 ) 


and 

/= frequency, cycles per second 
« = 2x/= frequency, radians 
permeability 


X=conductivity = l/p 
P “resistivity 

and where practical centimeter-gram- 
second (egs) units are used, so that p is 
in ohm-centimeters. The permeability 
is dimensionless. Since a 2 is pure im¬ 
aginary, a lies on the 45-degree axis 

£=2xVjfXpX10 -9 (3) 

The real quantity 1/0 has units of length; 
in fact its units are centimeters, and it is 
known the “depth of penetration.” 

The solution of equation 1 shows that a 
plane-parallel uniform alternating mag- 


T«ble I. Values of P and Q and Jpl* 


netic field, as it penetrates the plane 
boundary y =0 of a semi-infinite solid y <0 
of conductivity X and permeability (i, dies 
off in amplitude exponentially in the man¬ 
ner described by 

where y <0 ( 4 ) 

Both the flux density and the eddy-cur¬ 
rent amplitudes die off in this manner. 
It is for this reason that the length 

d=l /0 ( 5 ) 

is known as the “depth of penetration” 
for the frequency and for the conductor in 
question. 

In air, X=0 and in place of equation 1, 
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e ach field component satisfies the Laplace 
equation 

V 2 «=0 (6) 

By solving equations 1 and 6 with, 
proper continuity conditions at y= 0, 
the field of the current configurations of 
Fig. 1 is obtained. This solution yields 
for the equivalent impedance Z of the 
current J flowing at a height h above the 
plane boundary of the solid y<0 the 
expression 

Z| = -(2>X10-*)ln-^+ 

(j4/xo»X 10”®)/ 

ohms per centimeter (cm) (7) 

where r is the conductor radius and where 
I is the definite integral 

oo j — &H1) fa 

■ _ _ : where H =2 h (8) 

M&-J- *\/ & 2 -f-1 

while a is given by equation 2. 

The impedance Z is the impedance per 
unit length of conducting wire carrying 
the current J which would be presented 
to a generator driving this current, due to 
the induced field and its eddy currents. 
(A further slight correction to the right 
hand member of equation 7 is due to the 
resistive drop inside the conducting wire 
carrying the current J and to its linkage 
of flux inside the wire.) 

Since the integral I is a definite inte¬ 
gral, its value is independent of the varia¬ 
ble of integration 6, but it depends on the 
parameters n and II, or since a is always 
a complex number lying on the 45-degree 
line, on n and the dimensionless positive 
number 


y=\oiH\ = V2/3 H =2\/2/3 h (9) 

Except for the factor 2 V2,y is the meas¬ 
ure of the current distance h from the 
conductor in units equal to the depth of 
penetration. The value of I is complex, 
that is, it has both a real and an imaginary 
part. 

The integral I has been evaluated, and 
is tabulated and plotted as follows. In¬ 
troducing P and Q 

P+jQ=jt*I ( 10) 

one may write the real and imaginary 
parts of the impedance Z as 

Im(Z) == — 2wX 10 -t In + 

4coX10 -+Q (11) 
Re(Z)=4«X 10-oP (12) 

Curves of P and Q versus p for various 
values of y are given in Figs. 2 to 5. It 
is seen that with w, X, h, and p given, the 
q uan tity y may be calculated, and the 
functions P and Q obtained from these 
curves. Then, using equations 11 and 12 
the resistive and reactive (real and 
imaginary) components of the impedance 
Z may be obtained. 

More exact values for P and Q are 
given in Table I. Here, the complex 
n umb er I is given as a f unction of | aH | 
and v, where v— Vju 2 — 1. Interpolation 
in this table will give more accurate 
values than can be read from the curves. 

As an example, let us suppose that a 
current-carrying wire is 10 cm from a solid 
of permeability ^=100 and resistivity 

i=80 microhms per cm 
X 

=0.8X10~ 4 ohms per cm (13) 


Z can be calculated in a similar way from 
equation 7. 

2. Field Formulation 

Assume that time enters as a factor 

(19) 

in the electric and magnetic fields. Then 
Maxwell’s equations, in cgs practical 
units, become 

V XE = —jw/tX 10 -8 H 

V XH«=0.4iri ( 2 °) 

where i is the current-density vector. 

Elimination of H from equations 20 
leads to the relation 

V*E«ja>4TXlO-»i (2!) 

in regions free from charge, provided the 
following relation be utilized 

V*E=0 (22) 

Under the assumption that displace¬ 
ment currents can be neglected, i is re¬ 
duced to the conduction current. In re¬ 
gions where the conduction current is due 
to the induced field, Ohm’s law yields 

i=XE (23) 

Equation 21 now reduces to 

V 2 E = a 2 E; a 2 =j‘4irtoX/nX 10“* (24) 

Thus each component of E satisfies the 
scalar equation 1. Similarly the mag¬ 
netic-field components can be shown to 
satisfy equation 1 provided one utilizes 
the relation 

V*B=mV-H=0 (25) 

In free space the conductivity X may 
be replaced by zero, and, as noted in sec- 




If the frequency is 60 cycles per second, 
the radian frequency is 

«=2ir(60) =377 radians per second (14) 

The quantity y is calculated from equa¬ 
tion 9 to be 

7 =48.66 ( lS ) 

Looking at the curves of Fig. 2, one finds 
by interpolation 

P=0.4266 ( 16 > 

The resistive component of the impedance 
is then given by equation 12 and is 

p_e(Z)=6.433 X10 -7 ohm per cm (17) 

If the current has an rms value of 4,000 
amperes, the losses per centimeter of 
length are 

loss = (4,000) 2 X6.433 X10" 7 

= 10.29 watts per cm (18) 

The reactive component of the inductance 
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Fig. 6. Curve enclosing current sheet for 
magnetomotive-force relation 

tion 2, equations 1 and 24 for the field 
components are replaced by the Laplace 
equation 6. 

From now on we consider 2-dimensional 
fields for which 

£=(0, O t Eg); bE z /bz =0 (26) 

that is fields in which the induced electric 
field vector points in the direction of the 
2 -axis, while its magnitude depends only 
on x and y. Such fields arise when the 
primary currents flow, without change of 
magnitude or direction, in the direction 
of the z-axis, and if the conductors, if 
any, are bounded by cylindrical surfaces 
whose generators are parallel to the z-axis. 
No confusion will be caused by denoting 
Eg by JS. Equations 24 and 6 now yield 

b*E , b*E 

~+^- = « a jE in conductors (27) 


b'E b*E 

s?+^- oinair < 2S > 

The first equation 20 yields 

Vl*.H 0 ,Hg)= 1 ~(-~. ~,0.) (29) 

jwn\ by bj f / 

Thus the field can be completely specified 
in terms of a single scalar function E(x,y ) 
which is a solution of equations 27 and 28. 
(Usually the fields in question are speci¬ 
fied in terms of a vector potential function 
A, such that H=VXA, which now turns 
out to consist of an A» component only, 
the latter being proportional to E. 
Since the conventions used in defining A 
in dielectrics and conductors differ in 
different treatments, we have used E 
directly.) 

From equation 29, it follows that the 
curves JS*®*constant are flux lines—as 
also follows from the flux linkage relation. - 
Along the cylindrical conductor bound¬ 
aries the following boundary conditions 
apply: 

1. E is continuous 

2. B n is continuous I 

3. H, is continuous 

where H» is the tangential magnetic-field 
component and B n the normal flux compo¬ 
nent. B n being continuous follows from 
equation 29 and E being continuous. On the 


other hand, equation 29 leads to the replace¬ 
ment of H» being continuous by the bound¬ 
ary condition 

4. (1 /n)(bE/bn) is continuous 

The Poisson equation 21 (as well as 
its present scalar form) applies to cur¬ 
rents distributed over volumes. For sur¬ 
face distributions of currents, as suggested 
by potential theory, a boundary condi¬ 
tion involving a discontinuity in the 
normal derivative of E applies over the 
current-carrying surfaces. Thus for cur¬ 
rent sheets flowing in the z-direction over 
cylindrical surfaces with generators paral¬ 
lel to the z-axis, the boundary condition 
applies 


/bE\ . 

W" 2 


>j4TuX10~*t, 


where i s is the current density (per unit 
arc length of a normal section) and the 
left-hand side denotes the discontinuity 
in the normal derivative of E. This 
condition follows from equation 29 and 
the magnetomotive-force relation 

(0.4)ir*, (31) 

over the path shown in Fig. 6. 

3. Illustrative Examples 

The field due to a primary current J 
following parallel to the plane boundary of 
a semi-infinite conductor (see Fig. 1) will 
be obtained in section 4. Several exam¬ 
ples required for its solution will now be 
given. These examples comprise: 

1. The field of a single current filament, in 
air. 

2. The field due to a sinusoidal current 
sheet 

it =*A cos ax (32) 

flowing over a plane y=constant, in air. 

3. The field due the same current sheet 
located at y =»h in the presence of a conduc¬ 
tor in the space y<0. 

Example 1 

As the first example we consider 
•J 2 «C 72 wX 10 -»)/ln r 

r=Vx*+y a (33) 

' from which equation 29 yields 

b ’- 0 ^ <“> 

or, in polar co-ordinates 

rr „ 0.2/ 

•Hr sa O l i?0 a » “ (35) 

Thus the magnetic lines are circles with 
the z-axis as axis. The above will be 
recognized as the field due to a current J 
flowing along the z-axis, in free space. 


An arbitrary constant may be added to 
the right-hand member of equation 33. 

We consider next fields of the product 
form 

E=> cos axY(y) (36) 

where Y is a function of y. Substitution 
in equations 27 and 28 shows that Y re¬ 
duces to a linear combination of 

e av and e~ av (37) 

in air, and of 

exp (\/a J +a 2 y) and 

exp (—Va 2 +a*y) (38) 

in the conductor. The radical Va 2 +a* 
in equation 38 is complex, and the value 
which lies in the first quadrant will be 
taken. 

Example 2 

As the next example we consider the 
field, in air, due to the current sheet over 
the plane y—0. This field is given by 

j47r&>X10 H, -4 _—| a «|_ 


Indeed the field equation 39 is made up 
of the product solutions, 36 and 37 so 
as to avoid infinite values at y=±oo ( 
preserve continuity of E at y=0, and so 
as to satisfy the condition of equation 30 
for the sinusoidal current, equation 32, 
over y—0 


/bE\ 
\byj v 


X10 ~*A cos ax 


As a preliminary to example 3, we note 
that 

E =j4:w(t) X10 ~*A X 

005 “L--J (41 > 

represents the field, in air, due to a sinu¬ 
soidal current sheet given by equation 32 
over y—h, and a negative image of it, 
over y——h. 

Example 3 (See Fig. 7) 

To obtain this field we put 
JSssj^TwlO^cos ax) A 

( c - g -N»-*>l— g -l*(*+»)lf ory> 0 

S _ 2 I®I 

(c exp ('s/ a 2 +a*y) for y<0 

(42) 

where C is a constant. 

It will be seen that the component of 
the solution for y>0 not involving C is 
the same as given by equation 40 and 
represents the field due to the sinusoidal 
distribution over y=h along with its 
negative image at y= —h. 
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For y<0, it Will be noted that only the 
first-exponential in equation 38 was used 
in order to avoid infinite values at y - — 00 . 

Turning to boundary conditions 1 to 4 
in section 2 at y— 0, it will be noted that 
the first one is satisfied. Application of 
the second one is facilitated by writing 
the bracket for 0 <y<h in the form 

Ce-W-e- W*X 

sinh (|a|y)/|a| for 0<y<k (43) 


Application of condition 4 leads to 
C= — 


W+ 


Va 2 +« s 


(44) 


Recalling the exponential time factor 
19, one may describe the fields of examples 
2 and 3 as due to sinusoidal current sheets 
which pulsate in time. By replacing the 
sinusoidal factor cos ax by either factor 
e * }ax , one obtains the fields due to travel¬ 
ing sinusoidal distribution of current. 
Both of these fields are of interest in 
electric machine design. 


4. Field of a Current Filament 
Near a Semi-Infinite Solid 

By applying Fourier-integral super¬ 
position to the fields of example 3 just 
considered, one may obtain integral repre¬ 
sentations for fields corresponding to 
various given current distributions over 
the plane y-h, in the presence of the 
semi-infinite conducting medium y<0. 
This use of superposition is justified by 
the fact that the field equations (for in¬ 
stance, equation 21) are linear in the 
current. For symmetric current distri¬ 
butions i s (x), this is done by obtaining 
4(a) from the Fourier resolution of the 


In particular, for a concentrated cur¬ 
rent filament / at * “0, y=h, the “coeffi¬ 
cient function” 4(a) is given by 


Aw-i m 

and is independent of a. (The difficulty 
associated with applying integrations to 
the highly singular “Dirac function” can 
be avoided by spreading the concen¬ 
trated current filament into a current 
sheet over |*|<«, then letting e approach 
zero. In the limit, the right-hand mem¬ 
ber of equation 47 results for 4(a).) 
This follows from equation 46 when i s (x) 
is replaced by J8(x) where 8(x) is the “unit- 
impulse” function or the “Dirac func¬ 
tion.” One obtains for y<0 the field 


E = —j4a> X10 ~*J X 


I. 


" [exp (-lalft+vW« , y)] cos axda 


|a|+ 


Va a +a 2 


for y<0 (48) 


For y>0, a similar integral results which 
will be simplified by noting that the por¬ 
tion arising from the exponentials e |a(v 
and e' a(w+ft)l in equation 42 represents 
the field, in air, due to the current fila¬ 
ment / at (x,y) = (0,h) and its return -/ 
at (0,—h), as follows 

—j 2 cj X 10 ^ (cosax)X 

.. .. - —da 

\a\ 

=j2wXlO-*/ In (r/n) (49) 

where r is the distance from the current 
filament J, and n the distance from its 
image current — J (see Fig. 8). Thus 
there results 


given current distribution 

fl r 

*,(*) =f 0 °°A(a) cos axda 

(45) £“i4«X10-*7^- In --**X 

/*» 

/'“ c -a(v+ft> cosa»da"| 

4(a) ==- / i 0 (x) cos axdx 

irj -« 

(46) lia+\/a l +a a J 


To obtain the corresponding field super¬ 
position one multiplies the fields of equa¬ 
tions 42 and 44 by da, and integrates 
over a from a = 0 to “. 

x-o 



Equations 48 and 50 constitute the solu¬ 
tion of the field in question. Corre¬ 
sponding Fourier integral expressions may 
be found for H x and H v by applying equa¬ 
tion 29. 

The reader may wonder why it was 
necessary to drag in the negative image 
of the sinusoidal current sheet in equa¬ 
tion 42, as a result of which the negative 
image current —J also occurred in the 
final field equation 50. It is quite true 
that in place of equation 42 for the field 
pertaining to Fig. 7, a different expression 
could be obtained in which the negative 
image term e" |0(,,+ft) 1 is missing. The diffi¬ 
culty with such a procedure is twofold. 
In the first place, the resulting integrals 



Fig. 8. Current and negative image 


are nonconvergent, due to the factor a in 
the denominator; again since the func¬ 
tion In r becomes infinite at infinity, it is 
hardly a suitable function for Former- 
integral expansion. By including the 
negative image, both of these difficulties 
are overcome. Now In (r/fi) approaches 
zero at infinity, and the effect of the van¬ 
ishing denominator in equations 41 and 
49 is overcome by the vanishing numera¬ 
tor. 

Equations 48 and 50 give the field every¬ 
where. In particular, through the rela¬ 
tion i—\E, equation 48 enables one to 
calculate the eddy-current density in the 
conductor y<0. Also, by integration of 
the wattage loss per unit volume |t 2 |/2X 



(51) 


one obtains the net loss W per unit z 
due to the eddy currents. However, it is 
much easier to proceed differently, and to 
compute the net eddy-current losses from 
the impedance presented by the induced 
field at the generator terminals. As 
shown in Appendix I, this impedance, per 
unit length of primary conductor is given 

by 


E(0, h) ( 52 ) 

/ 


where as indicated, the numerator repre¬ 
sents the value of the induced field E (as 
given by equation 50) at the current site. 
From equations 50 and 52, there results 


Z = -j2<oX 10“» In ^+j4/twX 10~*X 

J C* e~ tah da 
0 jia-fVa’+a* 

This integral is obtained from equation 50 
by replacing x by 0 and y by h . Pre¬ 
sumably, a similar substitution should be 
made in the logarithmic term, were it 
not for the embarassing difficulty of 
having the term In r become infinite at 
r = 0. This difficulty is due purely to 
the assumption that the current filament 
is infinitely thin. For a conductor of 
finite radius a value of r equal to the 
radius will be used. 

Replacing the variable of integration a 
by 
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a — ba (54) 

converts equation 53 into equations 7 
and 8. 

The real part of Z gives the equivalent 
resistance due to the eddy-current losses 
W per unit z 

Ijal 

W (55) 

That is, a resistance equal to Re(Z) per 
unit length of a, placed in series with the 
generator, will dissipate as much wattage 
as the eddy currents do. 

As a check, one may obtain the same 
expression for the loss by integration of 
the Poynting vector over the surface of 
the wire; since the only field-energy flow 
must be into the conductor y<0, this re¬ 
sult will yield the eddy-current losses, 
see Appendix II. 

When several currents flow simul¬ 
taneously (for instance, for 3-phase power¬ 
line currents) the total induced field can 
be found by superposition of the individ¬ 
ual fields, each one being given by equa¬ 
tions similar to equations 48 and 50. 
Consequently, it is desirable to be able to 
evaluate the integrals in equations 48 
and 50, not only at the current site but 
also for general x and y. Therefore, 
while the evaluation of the impedance 
integral occurring in equation 53 will 
be discussed primarily in sections 6 to 8, 
it is also desirable to evaluate the inte¬ 
grals in equations 48 and 50 for general 
x,y. This is discussed in section 8. 

5. Discussion of the Field and 
Impedance Integrals 

First we shall simplify the integrals of 
equations 50 and 53 by introducing the 
change of variable, equation 54, and ex¬ 
pressing cos ax in terms of imaginary 
exponentials. The integral in equation 
50 is expressed as a sum of two integrals 
of the form of equation 8 



Fig. 9. Path of integration and location of 
singularities 


nb+Vb *+1 


H=h+y±jx (57) 

Similarly, the integral in the impedance 
equation 53 is reduced to the form of 
equation 56, with H—2h. Throughout 
the remainder of the paper the letter I 
will denote the integral of equation 56. 

Denote by f(b) the coefficient of the 
exponential of the integrand in equation 
56 


The singularities of f(b) may be turned 
to account to give a clue to advantageous 
breakdown of I. These singularities 
consist of branch points at 


and poles at the roots of 
=0 

namely at 


b = =b-; v=s/n*— 1 


When ju is large, the poles are close to the 
origin; as n decreases, the poles move 
away from the origin and cross the unit 
circle when j»“V2. As n approaches 
unity, the poles move toward », and they 
disappear altogether when ju=l- These 
singularities are shown in Fig. 9 for n 
about 10. 

To represent the double-valued func¬ 
tion /(&), one may use a "Riemann sur¬ 
face” consisting of two sheets which are 
joined to each other along certain lines 
or curves. The “upper” sheet may be 
considered to carry the values of the inte¬ 
grand for which the real part of vV+l 
is positive; the “lower” sheet the values 
for which it is negative. The two sheets 
wi ll the n be joined along curves where 
V&H-l is a pure imaginary; that is, 
along two paths which consist of the 
imaginary axis from b —j to b —j (+ 00 ) 
and the imaginary axis from b——j to 
b=j(— “>) (these are shown in Fig. 9 as 
broken lines). The Riemann surface is 
shown schematically in Fig. 10. A path 
on this Riemann surface passes from one 
sheet to the other whenever it crosses 
either of the junction lines. 

It is readily seen from inspection of the 
integrand of I that the pole b——l/v 
lies on the upper Riemann sheet, while 
the pole &= 1/v lies on the lower sheet. 
The path of integration on the 5-plane 
corresponding to integration along the 


real axis in equations 48 and 50 is the 
—45-degree line, and lies in the upper 
sheet. Therefore, for large values of n 
the pole b= — l/v lies very close to the 
path of integration and will thus contrib¬ 
ute an appreciable part of the value of 
I; while b = l/v, in spite of its appearance 
in Fig. 9, lies “far away” from this path. 

The residue of f(b) at 6 = — l/v is 


where, as in equation 01 


v s =\/n i — 1 

Therefore the function 


1 1 

MV-yZ 1 J/6H-1 

£>+- 


has the same singularity at the pole 
b= — l/v as f(b) . The resolution 

f(b)=Mb)+Mb) (65) 


/*(&)=- 




is analytic at b~—l/v, and breaks I 
down into two integrals 


I~h+h 




°db=-X 


*" c- allb db 


-+vW i 




p 2 b 2 —l 


b db (69) 


The integrand of h, it will be noted, has 
no branch points, L can be evaluated in 
terms of what is known as the “integral- 
exponential” function Ei, denoted in the 


// / b .J A REAL AXIS 

(' _ b-l/» / A , UPPER SHEET 




REAL AXIS 
LOWER SHEET 


Fig. 10. Riemann surface for the integrand 
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following by Et. The integral h, on the 
other hand, presents a rather difficult 
integration. The method used in the 
following for its evaluation consists in 
expanding /*(&), first in a series of positive 
powers 

60 

/*(&)«£ f«|&|<l ( 7 °) 

nail 

valid inside the unit circle, then in a nega¬ 
tive power series 


6. Evaluation of the Integrals 
lx and I 2 

To reduce the integral Ii of equation 
64 we introduce the variable of integra¬ 
tion 

<»> 

whereupon there results 


00 

= 2 f “ forw>1 


valid outside the unit circle. The inte¬ 
gral h is now broken up into two parts 
as follows 

forlfeol®*! (72) 

where b 0 lies on the unit circle. Substi¬ 
tution from equations 70 and 71 yields 

i^ D *"fy ne - ( * H)bdb (73) 


■I>jC 


n — /«ff\ 

7 V) 


where £1 (also sometimes denoted by Et) 
is defined by 


-u 

£1(2)“ I 


Two well-known expansions are availa¬ 
ble for evaluation of this integral. The 
power-series expansion of e~ u , followed 
by division by u and integration yields 


Ei(z) = —In |z 




^_l) n+Kn 

(«)(»!) 


C n =[[p(M , -l) (n ‘ ,1)/, ]l (82) 

Next we expand the function f\(b), 
see equation 64, in powers of b obtaining 

(1-j ,b+v*b i -v*b a + ...) (83) 

Subtracting the series, equations 80 
and 83, one notes that the odd coefficients 
cancel, while in the even coefficients the 
terms with integral powers of p and the 
constant terms (free from p) cancel. 
There results 

*(*«- l)(»-')/*-(-l)»X 

( 84 > 

where (m,n) are the binomial coefficients, 
as explained in the following. Recur¬ 
rence relations for the coefficients D in are 
found to be 


For real aHb, the integrals in equations 
73 and 74 can be reduced to forms for 
which tables exist. 

It turns out that for large values of p 
and large values of Hi 3, the integral Ji 
presents a sufficiently close approxima¬ 
tion to the value of I. Indeed, under 
these conditions the derivative (d 2 £)/- 
(d* 2 ) in the differential equation 27 can 
be neglected in comparison with the 
derivative (d 2 £)/(fry 2 ). Then the differ¬ 
ential equation 27 can be integrated com¬ 
pletely for each x in terms of its bound¬ 
ary value and a proper application of 
conditions 1 and 4 of section 2 can be 
used to eliminate the solution of the 
field in y<0, and replace equation 27 
by a proper boundary condition at y—0 
involving the values of £ and (c>£)/ (cty) 
at y =0. For details of this approximate 
procedure, the reader is referred to refer¬ 
ence 4. Application of this method to 
the present problem leads precisely to a 
field expression in which the integral I 
is replaced by h, but with v replaced by p. 

The method of calculation briefly out¬ 
lined above is explained more fully in 
section 7. It sufficed for most of the 
cases considered. For large p and large 
| off|, certain simplifications could be 
effected in the calculation. On the other 
hand, for small |«H| some of the series 
converge too slowly, and further calcula 
tion procedures have to be developed. 
These modifications are discussed in 
section 7. 


where C— 0.67722. 

This converges for all z, but slowly for 
large |z|. The other expansion is ob¬ 
tained by integration by parts, which 
yields the asymptotic series 

^)-{r? + 7^ + -] (79) 

Though divergent, this series is useful for 
large |z|, just where the series (78) 
converges too slowly. Tables of the 
function £ 1 ( 2 ), where z=x+iy, for 
|x|<3 and |y|<3 are given in reference 

5. „ r , • 

We turn next to the integral h and its 
expansion, equations 69 and 70. First, 
consider a direct power series of/(ft), the 
coefficient of e~ am in the /-integral, see 
equations 66 and 68 

/(&)«£ C " &tt (80) 
»=o 

This was given by Wise. 1 To obtain it 
one expands/(6) = Im&+(& 2 +1) 1/ *]~ 1 ^ 
the binomial theorem in positive powers 
of 6, then further expands the negative 
powers of (6 2 +l) l/,, l and collects like 
powers of b. There results for odd n, 
see equation 63 

-C n */t(M s -( 8l ) 

while for even n, C n is equal to the ex¬ 
pansion of the second member of equation 
81 in descending powers of p, stopping 
with the term which is independent of p. 
We shall use a double bracket to denote 
such a sum. Hence, for even n 


Dtn^v^Dm 


-*+(!”) 


=>v 2 Dm —*+ 


(85) 

K ' 2«1! 

where (m)n, denotes, as usual, the bi¬ 
nomial coefficient; that is, the coefficient 
of in the expansion of (l+*) m iri 
powers of x. The double factorial nota¬ 
tion nil denotes the product of every 
other integer in decreasing order, start¬ 
ing with n; thus, (2»)1!=2'4- • • (2n); 
(2»+l)l!«l ‘3 • ‘ • (2n+l); furthermore, 

011=1, (-l)H-l. 

With B in evaluated we turn to the 
integrations in equation 73 


j'*° e -<«i lb )b n db ( 86 ) 

where h as shown in Figs. 9 and 10 is on 
-45-degree axis and on the unit 

circle 

*.«-**-# (87) 

Since for real H, the argument of the ex¬ 
ponential (aHb) is real, we make the 
change of variables 

affl~s (88) 

and obtain 

\_/y e- 3 s n ds~](<xH) n+l (89) 

Integration by parts yields 
fie-'t'ds-nfieT-'ds-*-** ( 90 ) 

and hence, by induction 
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-♦£)] »■> 

These equations suffice for the integra¬ 
tions in equation 73. 

Alternatively one may use the values of 
the ratio 

f* e~*s n ds f’e~*s n ds 
f“e-*s n ds #! 


(92) 


tabulated by Karl Pearson, 6 though what 
is tabulated are the values of 

J («> P) = f 0 ' f¥ * Tu e~ t v p dv/p\ (P3) 

In terms of these “incomplete T-func¬ 
tions” one obtains 


, ^ ^ Dnn(2n)lI^pH/^l 2ft^ 


(94) 


We now turn to the evaluation of the 
coefficients G n in the expansion and inte¬ 
grations of equation 74. 

Evaluati on of G n is carried out by ex¬ 
panding V& 2 -f -1 in the numerator on the 
right-hand side of equation 66 in nega¬ 
tive powers of b, substituting the series, 
equation 71, for/ 2 (&) in equation 66 and 
clearing of fractions 


s+ 


z^ c ' /b \ 

(i ,I ) 4 -<+ (H i "‘ + '••]}• (9S) 


Equating coefficients of like powers of b 
there results 

*%**+* 

(96) 

for the even coeffidents and the recursion 
formulas 

a---,: G- ^ ... (97) 

V * V * 

(98) 

for the odd coeffidents. 

Utilizing the same change of 
equation as in the foregoing in 
74 one obtains 

variable 

equation 

r~ 

*-^4 J\«H\ « 

(99) 

A final change of variable 

u=\ctH\x 

(100) 


yields 

104 


oo 

^-TV p r^> 

i 

E„(|«H|) (101) 

where the functions E n (jafifj) are identi¬ 
fied as the functions E n (x) of reference 7. 

The method of calculation of this and 
the preceding section was applied to ob¬ 
tain the values entered in Table I. There 
was no trouble in evaluating the integral 
lx. Likewise, the series for I A in equa¬ 
tion 93 was generally found to converge 
rapidly. When I B was calculated by 
equation 96 the series was found to con¬ 
verge much less rapidly than equation 94. 
This is due to the slow rate of decrease in 
size of the Gm+ 1 and also of the functions 
E n (x). 

The error committed in breaking off 
the series, equation 101, at an odd term 
is of the order of magnitude V 2 times 
the modulus of that term. The error in 
breaking off at an even term is not more 
in magnitude than if the series had- been 
broken off at the preceding, term. 

The functions E n (x) of low order are 
relatively large for x=l and even for 
#=VlO. But they are quite small for 
#=10. Thus, when v and | aH\ are 
both under 10, the computation of I B 
requires quite a few terms of the series, 
equation 96, for high accuracy. On the 
other hand, when |otf|:> loVlO, I B 
supplies a negligible contribution, so that 
I A may be taken alone for J 2 . 

From the results obtained by the 
method of this section one may draw 
the following conclusions: 

1. For laHfjalO, j> = 10 or VlO, compu¬ 
tation of I by the method of this section is 
indicated: JWi-f J X +J B . 

2. For loVio=a ^aH , *» = 10 or VlO, it 
will be found sufficiently accurate for many 
purposes to take I=*K+Ia. 

3.. For 10 VlO v, the approximation I =/j 
will be adequate, except for situations de¬ 
manding extreme accuracy. 

7. Simplification in Procedure and 
Alternative Methods. Asymptotic 
Series (Approximation for Large n) 

For n large, equation 66 shows that 
fa(b) can be approximated as follows 

Mb) - - -1- S _I - y= 

'H+Vt+i - !1 +v^+i 


1 l-\/5 s +l 


b 2 


( 102 ) 


and It reduces to 

,f f — y** + ')«- W> <» 003) 


0 


where the integral is no longer depend¬ 
ent on /t. 

The evaluation of the integral of equa¬ 
tion 103 can be carried out by simila r 
methods. In particular, the expansion 
of equation 70 now becomes 


Z>2n“*-An' = 


(—1) B+1 (2«—1)11 
2j> 2 2 n (»-hl)! ; 

2?*a+i=»0, 2?o = — l/2j»* (104) 


The error h—1% can be estimated not 
to exceed 1/[4 v 8 (ju+»>)/ 3.H'] i n magnitude. 

As pointed out in section 7 for small 
|off | (such as | aH\ = 0.1), the convergence 
of the series of equation 100 was exceed- 
ingly poor. To remedy this, the range 
of &-integration from b 9 to °° was broken 
up at |&j = 1.5. This improved the con¬ 
vergence of the E n -series which replaced 
equation 100. Over the interval between 
[&] = 1 and |&| = 1.5, the exponential 
was expanded in positive powers 
of b and the product of this series by the 
negative power series of equation 71 was 
found and integrated term by term. 

It turned out that for some n and for 
small values of (3H, linear and even quad¬ 
ratic interpolation in the tables of refer¬ 
ence 6 proved inaccurate; in these cases, 
equation 91 was resorted to, to evaluate 
the integrations in equation 74. 

Wise* obtains an asymptotic expan¬ 
sion for I by substituting the series of 
equation 80 for f(b) in equation 56 directly 
and integrating term by term, obtaining 


00 


C n 


(105) 


This divergent series is useful for values 
of n dose to 1, provided |/3| is large. 
However, for large n, the convergence of 
the series of equation 80 is limited by the 
pole b=~l/v, and as a result, except for 
fantastically large |aff|, the series of 
equation 105 is relatively useless. How¬ 
ever, after removal of the pole from I by 
subtracting Ji, one may try using the 
power series of equation 70 in J 2 , with 
termwise integration from 0 to 00 , This 
yields 


S JK 

(«H 

nm 0,J. .. 


ft! 

(aH)* +I 


(106) 


which is very useful, even for large n, 
again provided that | oifl is large. 

8. Power-Series Expansions for the 
Field and Impedance Integrals 

Throughout the preceding sections, real 
values of H were implied, and to render 
aHb t the argument of the exponential in 
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I, Ii, and h, real, the —45-degree path of 
integration was used. If, as in evaluat¬ 
ing E away from the current site, H is 
complex, as in equation 57, then the path 
of integration may be shifted from the 
—45-degree line to the line 


arg (b) = — arg (off) 


(107) 


with proper modifications in the terms of 
equation 101 . 

Some distinct advantages accrue from 
choosing the path of integration so that 
it deliberately passes through a branch 
point, b = —j. This was probably the 
method used in reference 1 in evaluating 
the field integrals for the case /t=l. 
Indeed for n=l, equation 56 becomes 


■/ 


08 e~ am db 


6 +\/6Hhl 


(108) 


and rationalizing the denominator as in 
equation 66 one obtains 

1 = -/“be-^db+f^Vb*+le-* m db 

/ Vv+le-^db (109) 

(a#) 2 J 0 

Changing the variable of integration 
tO£ 

b-ic ( 110 ) 

the branch points move to c= d=l. 
Choosing the path of integration to pass 
through 1, the integral in equation 109 
becomes 

f l Vc*-le-( ani > c dc+ 

f a Vc^le-^ Hi)c dc ( 111 ) 

The second integral in equation 111 can 
be evaluated in terms of the Bessel func¬ 
tion see Watson , 7 pages 169, 

170. As regards the first integral, it can 
be evaluated as a power series in (aH) by 
expanding the exponential, integrating 
termwise, and utilizing the /3-integral 


/ 


u a (l—u)^du = 


otl/31 

(«+£)! 


where 


u—c l 


and 


a!=»r(a-fT) 


( 112 ) 


Actually the series arising from the even 
terms of the exponential can be reduced 
to the Bessel function L (aH), see refer¬ 
ence 7, page 48, equation 31, while the 
odd terms lead to a Struve function, see 
reference 7, page 328; the latter, however, 
has not been tabulated for complex argu¬ 
ments, and the direct use of its series is 
recommended. 

By expanding ITq ( 4) in well-known con¬ 


vergent series, see reference 7, pages 62, 
64, and 73 one expresses the integral in 
equation 109 in the form 


£ 


Vb *+1 e~ aHb db+ 


(aH) 2 
Q(aH) In (aH) (113) 

where P and Q are power series in (aH), 
see reference 1, pages 8-9. The same 
form applies also to the complete integral 
I of equation 109. 

It will now be shown how series similar 
to equation 113 can be obtained for 1 
for any n. This series for h is given by 
equations 76 and 78. Hence, only the 
series for I 2 remains to be considered. 

Note that by applying the operator 


r a* 

I p% -— 1 

L b(aH)* 


(114) 


to I 2 in the form given by the last term 
in equation 69, the denominator is can¬ 
celled and one obtains 


d 2 ii 


b(aH) 2 

V^+lj 




vaH 


f^Vv+le-PWdb (115) 

The last integral is precisely the integral 
occurring in equation 109 for the case 
n— 1 and for which the representation of 
equation 113 holds. Hence, It can be 
evaluated by solving the differential 
equation 


b*I* 


b(aH)‘ 


-I* 


P(aH) 

’(aH)* 


+Q(*H) In (aH) 


(116) 

The contribution toward J 2 arising from 
the (aH)~ 2 and (aH)~ l terms can be 
expressed in terms of Ei-functions. 
There remains to integrate for the contri¬ 
bution to It arising from the solution of 
the equation s—aH 


**^-M s -P(s)+(?(j) In j 


(117) 


Assume a solution of equation 117 exists 
of the form 


« aa p(s)+g(s) In s 


(118) 


where £ and 5 are to be presently speci¬ 
fied. Substituting the form of equation 
118 in equation 117, and equating coeffi¬ 
cients, leads to 

vY(s)~g(s)=Q(s) (119) 

( 120 ) 

Equation 119 can be integrated for q(s) 
as a power series whose coefficients depend 
linearly on those of Q(s). Likewise, 


there exists a power-series solution of 
equation 120 for p corresponding to the 
non-negative powers on the right-hand 
side. The latter, again, contribute terms 
expressible in terms of the Ei-function. 
In summary, it appears that a representa¬ 
tion similar to the right-hand member of 
equation 113 obtains for J 2 for any jt*. 

Thus far only the field in air (given by 
equation 50) was discussed. We now 
consider briefly the integral of equation 
48 for the field in the conducting solid. 
Upon introduction of b, as in equation 54, 
and making the further change of variable 


■iH) 


( 121 ) 


it is found that the radical disappears in 
the integral of equation 48 and it can be 
broken up into a sum of integrals of the 
form 


/ 


(«*—l)(exp [(Au+B/u)/2\ }du 
**( 1+m)+(1-m) 


where 

A =a(— h+y^rix) 
and 

B=a(h+y±ix) (122) 

Possible methods of evaluation of this 
integral have been studied. One may 
utilize the expansion exp [B/u] = BB n / 
(n\u n ) for the distant portion of the path 
of integration and the Laurent series, see 
reference 7, page 14 

exp [(Au+B/u)/2] 

-^2(uyf^yi,(VAs) (123) 

for the main part of the integration path. 
The exponential factor is broken up into 
partial fractions and the poles removed 
by subtraction of rational terms, which 
lead to logarithmic integrals, and Laurent 
series can then be found for the remainder, 
and integrated termwise. 

9. Representation of the Field by 
Means of Images 

We now consider the electric field in 
air and, in particular, the part of it given 
by the integral in equation 50. If the 
integrand of this integral is broken up as 
in equation 66 a sum of two integrals I\ 
and It, results, of which I\ can be inte¬ 
grated as in equation 76. It is shown in 
reference 4, that the field component due 
to h can be represented by means of a 
positive-current image at (x,y) = (0,—h) 
and an exponential trail of images, ex¬ 
tending along the negative y-axis from 
y— —ft to y— — 00 , 
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A somewhat similar conclusion can be 
established for the field component due 
to the integral I<t. If this integral be 
denoted by 

■S’ as m f 0 D(a)e~ av cos axda (124) 


' Appendix I 

The electromagnetic-force equation in the 
generator primary-current circuit (neglect¬ 
ing the resistance of the wire carrying the 
current J) is 


then it can be shown that this integral 
may be transferred into 

SjT^ICs) In rds , r a —* a +(y+s) 2 (125) 

where I(s) represents the image current 
■distribution and is given by the opera¬ 
tional expression 

( 12 « 


■or by the Bromwich-integral form 



pD(p)<? s dp 


(127) 


Here the path of integration is parallel 
to the pure imaginary axis in the p-plane 
and lies to the right of the singularities of 
Dip). 

It will be noted that except for a factor 
p and the difference in the path of integra¬ 
tion, the integral in equation 127 is the 
same as the field integral for the field, 
equation 124. Its evaluation has been 
studied sufficiently to verify the following 
results: 


1. The current distribution I(y) vanishes 
for —h<y< 0. 

2. I(y) possesses a concentrated current at 
y— — h. 

3. J(y) consists of a continuous distribu¬ 
tion of current images extending from y = 
—h to y— — 


EappJ+Etnd (128) 

where -Ea PP i is the applied, or generator, 
voltage; Bind the voltage induced along the 
current path, and Zt the internal generator 
impedance. If the voltages in equation 128 
are calculated per unit z, then -Etna is given 
by E from equation 50 evaluated at ac=0, 
y = h. Since E is proportional to J, we may 
t ake out J as a factor and write E in the 
form 

E\x=*o, y*th= —ZJ (129) 

where Z is a proper constant, independent of 
J. Equation 128 then yields 


J = 


E 


Zi+Z 


(130) 


Hence, from point of view of the generator, 
the field acts as if an impedance Z per unit 
z were inserted in series with internal gener¬ 
ator impedance. Equation 129 is the same 
as equation 52. The explicit form of Z is 
given by equations 7 and 63. 

The reader may find it difficult to con¬ 
ceive of the return of the current to the gener¬ 
ator terminals when the fields studied allow 
of no such return for any currents. Now, it 
can be shown that the net eddy-current 
resultant in the conductor y<0 is equal to 
— J, Hence, if one generator terminal is 
grounded near the generator, while the other 
one leads to the conductor carrying the 
current J of great length l and whose far end 
is also grounded, the impedance viewed by 
the generator will be IZ, except for an “end- 
effect” correction, which may be made rela¬ 
tively small by making l large. 


Appendix li 

The radial component of the Poynting 
vector EXH is to be integrated over the 
surface of the conductor carrying the pri¬ 
mary current 7. The tangential magnetic 
field, it will be noted from equation 29 is 
proportional to the normal (radial) deriva¬ 
tive of E, bE/bn. Hence, only the electric 
field component due to In r, yields a non¬ 
vanishing result. The magnetic field due 
to the latter is given by equation 35 and 
leads readily to an energy flow identical 
with equation 55. 
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Polyethylene-Insulated Telephone Cable 

A. S. WINDELER 

NONMEMBER AIEE 


Synopsis: The physical properties of poly¬ 
ethylene are such as to make it attractive for 
many wire-insulating applications, par¬ 
ticularly in multiconductor communica¬ 
tions cables. This article presents certain 
factual information relating to new types of 
multiconductor cables having extruded 
polyethylene insulation, and describes 
briefly their initial installation in the work¬ 
ing telephone plant. The literature is re¬ 
plete with information on the physical and 
chemical properties and the behavior of 
polyethylene, and so no attempt is made to 
explore the quality of the material per se. 
Polyethylene insulation extruded in the form 
of both solid material and foam to impart 
certain desired electrical properties is dis¬ 
cussed. In a broad sense, this article may 


be considered as announcing an important 
new insulating material for telephone cables, 
which may be expected eventually to have 
very extensive applications in the Bell 
System plant. 

F ROM almost the beginning of the art, 
multiconductor telephone cables have 
been insulated with paper, applied as a 
helical tape or laid down directly on the 
conductor in the form of pulp. Solid 
paper has a dielectric constant in the 
order of 2.5 to 3.0, but in the case of 
either ribbon or pulp insulation, a con¬ 
siderable amount of air is included in the 


electric field surrounding the conductor, 
so that the composite effective dielectric 
constant is of quite low value, usually 
about 1.5 to 1.6 in a typical design. In 
recent years, as various plastics and other 
polymeric materials have become availa¬ 
ble, these have been studied as competi¬ 
tors of paper, and polyethylene in par¬ 
ticular now appears to have an important 
field of application. Polyethylene ap¬ 
pears attractive because of its excellent 
electric properties, including low dielec¬ 
tric constant and power factor, compared 
with other usable plastics, and high dielec¬ 
tric strength. It is also highly imper- 
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Table I. Characteristics of Insulating Materials 



Polyethylene 

Plasticized Poly¬ 
vinylchloride 

Polytetra- 

- fluoroethylene 

Polystyrene (Teflon) 

Polyamide 

(Nylon) 

Density, grams per cubic 





centimeter. 

...0.92 

.. 1.2 to 1.4 .. 

.1.06 ...2.2 

.1.09 

Tensile strength, pounds per 





square inch. 

.. .1400 to 2000. 

..1500 to 3000.. 

. 500 to 9000... 1500 to 2500.. 

.7000 

Elongation, per cent. 

...600 

..200 to 450 .. 

. 2 to 5 ... 100 to 200 .. 

. 100 to 200 

Water absorption, per cent 





in 24 hours... 

<0.01 

,.0.4to0.65 .. 

.<0.05 ...nil 

.0.4 to 2.0 

Dielectric strength, rms volts 





per mil 1/8-inch thickness*. .400 to 500 , 

..300to 700 .. 

.500 to 700 ...400to 500 .. 

.400 

Power factor, 1 to 300 kc., 

...0.0002 

. .0.09 to 0.16.. 

.0.0002 ...0.0002 

.0.04 to 0.2 

Dielectric constant, 1 to 300 





kc. . . 

...2.3 

. .3.5 to 5.0 .. 

.2.5 to 2.6 ...2.0 

.3.5 to 8 


* Dielectric strengths are greater for thinner sections; for example, in 14-mil thicknesses, polyethylene has 
a dielectric strength of approximately 2,500 rms volts per mil. 


meable to water or water vapor and is 
available in the desired quantities at a 
reasonable price. In addition, it is 
considered probable that the long-term 
price trend will be downward. 

The various electrical and mechanical 
characteristics 1 ' 2 of polyethylene are 
shown in Table I, along with some of the 
other materials considered. Among these 
other materials only polytetrafluoroethy- 
lene (Teflon) and polystyrene have power 
factors and dielectric constants in the 
same low range as polyethylene. There 
are basic objections to both of these ma¬ 
terials. Polytetrafluoroethylene is so ex¬ 
pensive as to be uneconomical for this ap¬ 
plication, and polystyrene in thick sec¬ 
tions is too stiff and brittle to handle in a 
satisfactory manner. 

The use of polyethylene in telephone 
cables is not altogether new, but it has 
heretofore been confined to special types 
of high-frequency cable. For example, 
the coaxial cable and the video pair have 
polyethylene-disk insulation and ribbon- 
aud-string insulation, respectively, see 
Fig. 1. These cables were designed for 
low attenuation in the megacycle range, 
and the use of polyethylene or a similar 
low-power-factor material was a neces¬ 
sity. A low power factor is of lesser im¬ 
portance in the carrier systems for which 
the multipair cables are used, and the 



Fig. 1. High-frequency cable 


A. Polyethylene-disk insulated coaxial 

B. Polyethylene ribbon-and-string-insulated 

video pair 

Note expanded polyethylene interstice fillers 


polyethylene insulation on these cables 
must show other advantages to prove 
desirable. 

Polyethylene insulation is applied to 
the wire by an extrusion process; the 
insulation may be either solid or ex¬ 
panded depending on the application. Gen¬ 
erally the polyethylene is supplied as 
granules previously compounded with a 
antioxidant. In the case of solid poly¬ 
ethylene insulation, the granules, thor¬ 
oughly mixed with pigment, are fed into 
the extruder and formed on the conductor 
as a uniform close fitting tube of insula¬ 
tion. 

The idea of using spongy or foamed 
hydrocarbons as conductor insulation is 
not new. A British patent® issued in 1930 
contemplates such a structure, and nu¬ 
merous United States patents of more re¬ 
cent dates cover various aspects of cell¬ 
ular hydrocarbon insulatipn. The prob¬ 
lem is one of forming the cylinder of aer¬ 
ated plastic in an extrusion process operat¬ 
ing at high speed, and producing a closely 
controlled uniform covering having pre¬ 
cise physical and electrical properties. 
The original development work was car¬ 
ried on by F. P. Lyons of the Western 
Electric Company in co-operation with 
the author. This early work demonstra¬ 
ted that material having the desired 
range of properties could be applied in a 
continuous extrusion process, and subse¬ 
quent work has shown that the necessary 
control of properties and speed of extru¬ 
sion can be achieved. 

The expansion of polyethylene is ac¬ 
complished by methods similar to those 
employed in the making of many of the 
numerous polymer and rubber "foams.” 
The process used to produce the cellular 
polyethylene involves the addition at the 
extruder of a chemical blowing agent 
which decomposes under heat and re¬ 
leases nitrogen gas. By proper mixing 
and process control this nitrogen gas can 
be entrapped in the polyethylene in the 
form of very small discrete bubbles, thus 



Fig. 2. Cross section of expanded-polyethyl- 
ene insulation from 19-gauge conductor 
(magnified 75 times) 

A. 35-per-cent air 

B. 55-per-cent air 


achieving the cellular structure shown in 
Fig. 2. It is interesting to note that the 
foamed plastic tends to form a desirable 
“skin” of solid material on the inner sur¬ 
face over the conductor Fig. 2(A). 

Various degrees of expansion can be 
achieved as required, by varying the 
amount of blowing agent and by other 
means. The degree of expansion, or 
per-eent entrapped gas, can be deter¬ 
mined readily by weighing a sample of 
insulation, with the conductor removed, 
on an analytical balance. The inside and 
outside diameter of the cylinder of insula¬ 
tion and the density of solid polyethylene 
are required to complete the determina¬ 
tion. 

The composite dielectric constant ob¬ 
viously varies with the degree of expan¬ 
sion. In a coaxial configuration, this 
effect is calculable from the formula for 
the dielectric constant of a mixture, 4 the 
relation being given by the following 

6 —ep - r (gq~6p) 

3e («a+2<) 
where 
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Fig. 3 (left). Change 
in dielectric constant 
of coaxial cable and 
multipair cable with 
degree of expansion 
of polyethylene 
conductor insulation 


PER CENT AIR BY VOLUME IN CONDUCTOR INSULATION 


«* composite dielectric constant 
* dielectric constant of polyethylene 
*2.26 

*a * dielectric constant of added material, in 
this case (air) * 1 

V* volume fraction air 

100 

The upper curve in Fig. 3 was deter¬ 
mined in this manner. However, in 
multipair cable, the dielectric constant, 
is not amenable to calculation andmustbe 
determined experimentally. 6 The em¬ 
pirical relation between the per-cent air 
in the insulation and the dielectric con¬ 
stant in the cable for a typical design is 
shown in the lower curve in Fig. 3. Ef¬ 
fective dielectric constants as low as 1.40 
have been achieved in expanded poly¬ 
ethylene cables. 

Solid-polyethylene-insulated cables are 
more costly for given transmission charac¬ 
teristics than those insulated with paper 
or pulp and, therefore, are restricted to 
special uses, where a system saving can 
be obtained in spite of the higher first 
cost. One such use is for small aerial toll 
cables in rural areas where, with paper- 
insulated cable, maintenance costs are 
likely to be high. There are several fac- 



Flg. 4. Installation of Cooperstown—-Cherry 
Valley (N. Y.) cable 


tors which tend to increase the mainte¬ 
nance costs in such cables. For instance, 
in small isolated cables, lightning troubles 
are common because of the high sheath 
resistance. While the incidence of sheath 
breaks from other causes is usually neither 
more nor less than in other aerial cables, 
maintenance is more difficult and costly 
because of inaccessibility. Maintaining 
gas pressure on these cables is expensive 
for the same reason. 

In the case of a sheath break, with no 
insulation damage in polyethylene-insu¬ 
lated cables, there is no interruption in 
service due to entrance of moisture into the 
cable, and repairs can be made on a rou¬ 
tine maintenance basis. Gas-pressure 
maintenance is unnecessary and its omis¬ 
sion effects appreciable annual savings. 
Because these cables usually contain not 
more than 61 pairs, the first-cost penalty 
for the use of solid polyethylene, in terms 
of cents per foot, is small. Small aerial 
toll cables in rural areas, therefore, are 
the most promising candidates for solid- 
polyethylene insulation. 

The solid-polyethylene insulation de¬ 
velopment has progressed to the point 
where several cables have been made for 
field trials. The first of these was at 
Cooperstown, N. Y., where approxi¬ 
mately 4 miles of 26-pair 19-gauge cable 



Fig. 5. Polyethylene-insulated cables— 
alpeth sheath 

A. Grandville—Zeeland (Mich.) project: 
51 pairs/ 19-gauge conductors; expanded- 

polyethylene insulation 

B. Cooperstown—Cherry Valley (N. Y.) 
project: 26 pairs; 19-gauge conductors; 

solid-polyethylene insulation 

C. Trout Lake—St. Ignace (Mich.) project: 
51 pairs; 19-gauge conductors; solid-poly¬ 
ethylene insulation 

was installed aerially in 1960. The 
sheath on this cable was a composite of 
aluminum and polyethylene commonly 
known as' ‘alpeth’ ’ sheath. The Coopers¬ 
town cable, see Fig. 4, was one of the first 
to be installed by the prelashing method, 
which has been developed as a means for 
effecting economies in placing aerial cable. 

A second trial installation of solid- 
polyethylene-insulated cable was made 
in 1951 between Trout Lake and St. 
Ignace, Mich., a distance of 28 miles. 
This cable contained 51 pairs of 19-gauge 
conductor, and was also covered with al¬ 
peth sheath. Since that time, solid- 
polyethylene cables have been installed 
in other locations where the anticipated 
maintenance savings were believed to 
justify the higher first cost. 

Development of expanded-polyethylene 
insulation has been carried on concur¬ 
rently with that of solid polyethylene. 
In expanded-polyethylene insulation the 
cost, as would be expected, varies with 
the degree of expansion. There are two 
reasons for this: 

1. As the proportion of gas is increased, 
less polyethylene is used in the insulation. 


Table II. Comparative Data on 51-Pair 19-Gauge Cables 


Type of Insulation 


Mutual 

Inside Capacitance, 
Diameter Microfarads 
of Sheath, per 
Inches Mile 


Attenuation, 
Decibels (Db) 
per Mile (70 F)* 


Average 
Unbalance 
to Ground, 


Minimum 
Dielectric 
Strength, K’ 


Micromicro- Conductor C< 

-- farads per to t 

1 Kc 60 Sc 150 Kc 1,500 feet Conductor She 


Solid polyethylene (Trout 

Lake project).. 

Paper (standard CNB) 
Expanded polyethylene 

(Grandville project). 

Paper (standard DNB). 


.0.92.. 

_0.082... 

.1.24.. 

,.4.61., 

,.6.86... 

...104. 

_10 

...10 
.. 1.4 

.0.80.. 

....0.084... 

.1.26.. 

..4.94.. 

..7.79... 

...310. 

... 0.7 

.0.97.. 

0.94.. 

-0.066... 

-0.066... 

.1.11.. 

.1.11.. 

..8.92., 

.4.05.. 

..6.96... 

.6.40... 

...118. 

...240. 

...3 ., 

... 0.7 .. 

...10 
. 1.4 


* Computed from primary constants. 
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PER CENT AIR IN POLYETHYLENE INSULATION 


Fig. 6. Inherent di¬ 
electric strength of 
expanded poly¬ 

ethylene versus de¬ 
gree of expansion; 
19-gauge 0.064- 

inch diameter over 
dielectric conduc¬ 
tors; short samples 
immersed in water 


2. Because of the lower dielectric constant, 
the cable can be made smaller for the same 
attenuation, resulting in savings in sheath¬ 
ing materials. 

An initial trial installation of about 19 
miles of 51-pair 19-gauge expanded-poly- 
ethylene-insulated cable has recently been 
completed between Grandville and Zee- 
land, Mich. This route is to be devel¬ 
oped for iV-carrier, and since recent Bell 
Systems studies have indicated that lower 
overall costs will result if low-attenuation 
cable is used, the Grandville-Zeeland cable 
was designed for a capacitance of 0.066 
microfarad per mile, rather than the 
0.084-microfarad-per-mile capacitance for 
which earlier polyethylene-insulated cable 
were designed. The Cooperstown, Trout 
Lake, and Grandville cables are shown in 
Fig. 5. 

It is of interest to compare polyethyl¬ 
ene-insulated cables with paper-insula¬ 
ted cables having the same voice-fre¬ 
quency attenuation. Some of the more 
important characteristics are shown in 


Table III, It will be noted that the poly¬ 
ethylene-insulated cables excel in dielec¬ 
tric strength. The values shown in 
Table II are the test voltages that all the 
reels of cable were required to withstand 
between conductors, and from core to 
sheath. These voltages are naturally 
made lower than the inherent dielectric 
strength of the insulation to allow for 
minor manufacturing irregularities and 
thus avoid excessive rejections. Some 
idea of the inherent dielectric strength of 
solid- and expanded-polyethylene insula¬ 
tion can be obtained from tests on short 
samples of insulated conductor immersed 
in water. In Fig. 6, the inherent dielec¬ 
tric strength obtained in this manner for 
conductors with a 14-mil wall is plotted 
against per-cent air in the insulation. It 
will be noted that the dielectric strength 
falls off rapidly as the polyethylene is 
expanded. 

The capacitive unbalance to ground, or 
difference in direct capacitances of the 
wires of a pair to ground, is a rough indi¬ 


cation of one important factor in the sus¬ 
ceptibility of cable circuit to noise and 
interference. The electric disturbances 
which cause noise in the cable may come 
from atmospheric-static, radio-station, 
power line, or telephone-plant sources. 
The first three sources energize the cable 
circuits via the surface transfer imped¬ 
ance 6 of the sheath, or by way of an open- 
wire tap; the fourth, via all of the con¬ 
ductors in the cable. For this reason the 
two wires of apairshould have nearly equal 
capacitance to the surrounding pairs and 
to the sheath. To achieve this condi¬ 
tion the cylinders of insulation on the 
two wires of a pair must be alike in size 
and dielectric constant The low value 
of capacitive unbalance obtained with 
solid-polyethylene insulation is a result 
of the remarkable uniformity with which 
this insulation is extruded. The value of 
104 micromicrofarads per 1,500 feet for 
the capacitive imbalance to ground is on 
the average only 0.4 per cent of the direct 
capacitance of either wire to ground. 

Obtaining nearly equal capacitance to 
ground with expanded polyethylene is 
somewhat more difficult than with solid 
polyethylene since, with the former, the 
degree of expansion (i.e., dielectric con¬ 
stant) may vary as well as diameter. 
The recent development of a device which 
continuously measures the capacitance 
of the conductor to the cooling water 
during extrusion of the insulation has 
been of considerable help in maintaining 
low capacitive unbalance to ground in 
expanded-polyethylene cables. Space 
will not permit a detailed description of 
this device. However, the device, known 
as a capacitance monitor, consists essen¬ 
tially of a hybrid bridge with a. guarded 
electrode on one side andastandardcapac- 
itor on the other. The electrode oper¬ 
ates submerged in the cooling-water trough 



Fig. 7. Attenuation versus frequency; 19-gauge cables having 0.066- Fig. 8. Change in cable diameter with degree of expansion of poly- 
microfarad-per-mile capacitance ethylene conductor insulation; 19-gauge 51 -pair cable 
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Fig. 9. Block diagram 
of servo system used to 
control capacitance of 
polyethylene • insulated 
conductor during ex¬ 
trusion 


of the extruder. The capacitance of a 
controlled length of insulated conductor 
can be balanced by the proper setting of 
the standard capacitor. If the standard 
capacitor is set at the desired capacitance 
of the insulated conductor, and the out¬ 
put of the bridge fed to a conventional 
recorder, a continuous record of the devia¬ 
tions from the nominal capacitance is ob¬ 
tained. 

Going one step further, the output of 
the bridge can be used to control the 
speed of the extruder capstan through an 
appropriate servo system. The extru¬ 
der speed, in turn, will determine the 
conductor diameter, so that the diameter 
can be varied to compensate for uncon¬ 
trollable changes in the degree of expan¬ 
sion, and thus maintain the capacitance 
constant. The coaxial capacitance to 
water and the capacitance to ground in 
the cable are not the same, but they are 
related in a linear fashion. Control of 
one is then effectively a control of the 
other. A block diagram of the servo 
system is shown in Fig. 9, and a schematic 
of the capacitance monitor in Fig. 10. 
In a recent experimental cable made with 
servo control of capacitance, the unbal¬ 
ance to ground was only 35.2 micromicro¬ 
farads per 1,500 feet, or 0.18 per cent of 
the capacitance of one conductor to 
ground in the cable. 

The other important factor in un¬ 
balance is the uniformity of the twisting, 
that is, the extent to which wire and mate 
form symmetrical helixes around the 
center line of the pair. Polyethylene- 


Cv*CAPACITANCE OF IN- 
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Fig. 10. Schematic diagram of capaci¬ 
tance-sensing unit or monitor, used at extruder 
for the continuous measurement of conductor 
capacitance during extrusion 


insulated pairs appear to be better in this 
respect, for reasons which are not very 
obvious. The fact that the polyethylene 
forms firm tubes of insulation of equal 
size on both conductors of the pair proba¬ 
bly is a factor in achieving this uniform 
twisting. 

The carrier-frequency attenuation of 
polyethylene-insulated cable is substan¬ 
tially lower than that of paper-insulated 
cable having approximately the same 
voice-frequency attenuation. In the case 
of solid-polyethylene cable there are two 
reasons for this lower carrier-frequency 
attenuation: 


1. The Inductance is higher and the con¬ 
ductance is lower than those in comparable 
paper-insulated cable. The higher induct¬ 
ance is a result of the greater separation be¬ 
tween the wires of a pair and the lower con¬ 
ductance is a result of the lower power fac¬ 
tor of polyethylene compared to that of 
paper. 

2. The voice-frequency attenuation is rela¬ 
tively independent of inductance and con¬ 
ductance. 


The approximate voice-frequency and 
carrier-frequency attenuation constants 
may be calculated by means of the usual 
formulas, namely 
Voice frequency 


> 8.680 


db per xnile 


Carrier frequency 


T |C /z.1 

a = 4.343 db per mile 


where 


R “resistance, ohms per mile 
C — capacitance, farads per mile 
£ =inductance, henrys per mile 
G=conductance, mhos per mile 
u=2irf, where /= frequency in cycles per 
second 


While the electrical characteristics of 
polyethylene cables are superior to those 
of paper cables, the higher first cost of 
cables insulated with solid polyethylene 
has been a deterrent to their widespread 
use. This higher first cost is inherent in 
solid polyethylene because, in addition to 
the higher cost of polyethylene as com¬ 
pared to paper, the cables must be larger 
for the same voice-frequency attenuation. 
It will be noted that the 51-pair Trout 
Lake-St. Ignace cable is 15 per cent larger 



Fig. 11. Echo-set oscillograph traces of 
video-pair impedance irregularities 

A. 2,700 - foot - length ribbon - and - string 
video pair (maximum echo = 34 db) 

B. 2,000 - foot - length expanded - polyethyl¬ 
ene video pair (maximum echo = 46 db) 

Note: Calibration attenuation was on the 
same setting for both exposures 


in diameter than the comparable paper 
cable. The larger size is necessary be¬ 
cause of the higher effective dielectric 
constant, which is approximately 1.80 
in solid polyethylene cable as compared 
to 1.60 in a typical paper cable. The ef¬ 
fective dielectric constant is higher in 
the case of solid-polyethylene insulation, 
because of the lesser amount of air space 
which can be incorporated in the dielectric 
between wires. 

As was shown in Fig. 3, the dielectric 
constant can be decreased by expanding 
the polyethylene. A value as low as 1.40 
has been attained experimentally. The 
effective dielectric constant of the Grand- 
ville-Zeeland cable was 1.54; it was ob¬ 
tained by expanding the conductor insula¬ 
tion to the point where 35 per cent of the 
volume was gas. 

The curves of Fig. 7 represent the at¬ 
tenuation over the iV-carrier frequency 
range for a paper-insulated cable and 
three polyethylene-insulated cables, all 
designed to have a capacitance of 0.066 
microfarad per mile, and a voice-fre¬ 
quency attenuation of 1.1 db per mile. 
The lower carrier-frequency attenuation 
of the polyethylene cables is evident. It 
will be noted that in these curves, the 
cable size has been varied in order to keep 
capacitance and voice-frequency attenua¬ 
tion constant. This is the usual practice 
in designing telephone cable. Under 
these conditions, the large solid-poly¬ 
ethylene cable has a lower carrier-fre¬ 
quency attenuation than the expanded- 
polyethylene cables. For the same size, 
the expanded-polyethylene cables natu¬ 
rally have lower attenuation at both voice 
and carrier frequencies. The size of the 
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Fig. IS. Cable containing eight expanded- 
polyethylene insulated video pairs and 51 
pairs of 22 gauge, also insulated with expanded 
polyethylene 

polyethylene cables varies with the degree 
of expansion, as shown in Fig. 8. 

Since the dielectric strength decreases 
as the degree of expansion increases, the 
saving in first cost must be balanced 
against the value of the reduction in relia¬ 
bility. As mentioned before, the Grand- 
ville-Zeeland project was the first com¬ 
mercial installation of expanded-poly- 
ethylene cable. A very moderate degree 
of expansion was chosen for this project. 
However, as more experience with ex¬ 
panded polyethylene is gained, it should 
be possible, for a given application, to 
determine the degree of expansion which 
strikes the optimum balance between 
dielectric strength and dielectric con¬ 
stant, giving proper weight to the me¬ 
chanical properties and to cost factors. 

The expanded polyethylene is also being 
developed for the 16-gauge video pairs 
which are used for local television trans¬ 
mission. In this case, the problem is 
one of impedance uniformity. The stan¬ 


dard ribbon and string design illustrated 
in Fig. 1 has not been entirely satisfactory 
in this respect. The impedance devia¬ 
tions between cable lengths and internal 
impedance irregularities are reduced by 
the use of expanded-polyethylene insula¬ 
tion on the conductors. Fig. 11 shows 
the improvement in internal echoes. 
These oscillograms show the Echo Set 7 
oscillograph traces for an experimental 
expanded-polyethylene video pair and a 
standard ribbon-and-string-insulated 
video pair. The maximum echoes in the 
former are about 46 db down from the 
measuring pulse, as compared to about 
34 db for the latter. 

A field trial of the new video pair, 
consisting of 7,000 feet of cable containing 
eight video pairs and 51 22-gauge pairs 
was installed near Tulsa, Okla., in 1953. 
The 22-gauge pairs, which are intended 
for local telephone use, were also insu¬ 
lated with expanded polyethylene. This 
cable is shown in Fig. 12. The use of 
expanded polyethylene for the finer- 
gauge exchange pairs has not yet been 
evaluated. In the final analysis, it will 
probably depend largely on cost factors. 

In conclusion, the status of the de¬ 
velopment may be stated briefly as fol¬ 
lows: The solid-polyethylene insulation 
has been introduced into the telephone 


plant for restricted use. The expanded- 
polyethylene insulation has reached the 
field trial stage for 19-gauge toll cable, 
22-gauge exchange circuits, and broad¬ 
band video pairs. 
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Flux Resetting Characteristics of Several 
Magnetic Materials 


HOOBERT HUHTA 

ASSOCIATE MEMBER AIEE 


E XPERIMENTAL data are pre¬ 
sented on the rate of change of flux 
in four materials used in magnetic ampli¬ 
fiers. A test circuit which applied a con¬ 
stant magnetizing force to a test core 
was employed. 1 The rate of change of 
flux was then observed as the induced 
voltage in a pickup coil. By observing 
the induced voltage wave on an oscillo¬ 
scope, one can determine the peak and 
average rate of change of flux, along with 
the wave shape as a function of time. 
This information is helpful in under¬ 
standing and improving the perform¬ 
ance of magnetic amplifiers, as will be 
discussed later. 

The recent trend in magnetic amplifier 
design has beep toward the use of a d-c or 
an a-c hysteresis loop as a design basis. 2 - 3 
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Unfortunately, the shape of the operat¬ 
ing hysteresis loop is partially determined 
by the external circuitry. 4 In a self- 
saturating magnetic amplifier with high 
control circuit impedance the flux is reset 
with approximately a constant magne¬ 
tizing force. This brief study deals with 
the flux change under the influence of a 
constant external magnetizing force. 
The results are qualitatively applicable 
directly to the high control circuit im¬ 
pedance magnetic amplifier. 

Test Methods 

All the materials tested were in the 
form of either 1/4- or 1/2-inch-wide tape, 
wound to form a gapless toroidal core. 
These cores had a nominal IVVmch in¬ 


side diameter and about 1/4 inch of build¬ 
up. Each core had two 1,000-turn exci¬ 
tation windings and a third winding of 
about 100 turns for instrumentation 
purposes. 

Fig. 1 shows the circuit used to excite 
the test cores. The primary function of 
this circuit is to allow a constant current 
in winding B of the test core to drive the 
flux from saturation in one direction to 
saturation in the opposite direction with¬ 
out allowing current to flow in winding A. 
When the tyratron conducts, a. voltage 
appears across resistor Ri which over¬ 
comes the battery and drives current 
through winding A. This voltage pulse 
is large enough to saturate the core and 
has a repetition rate adjustable in 1-cyde 
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Fig. 1 (left). Test 
circuit 
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steps by means of resistor R s . During 
the nonconducting half-cycle of the tyra¬ 
tron, diode D 2 conducts to place a high 
voltage across Rt, hence a high reverse 
voltage on diode D\. The supply voltage 
for Dj leads the tyratron supply voltage 
by 30 degrees to cut off the current in 
diode Di more abruptly. When neither 
the tyratron nor diode D 2 are conducting, 
the battery voltage keeps Di from con¬ 
ducting. Winding B is supplied with 
essentially a constant current from the 
pentode supply at all times. A third 
test core winding is connected to a cath¬ 
ode-ray oscilloscope for observing the 
induced voltage, i.e., the rate of change of 
flux. 

The data presented here were obtained 
in the following manner. The circuit as 
shown was supplied from a commercial 
60-cycle line. After a test core was 
placed in the circuit, R\ was adjusted to 
assure that the core would saturate when¬ 
ever the tyratron conducted. The bat¬ 
tery and the voltage across i? 2 were made 
large enough to prevent conduction of 
diode Dt, unless the tyratron was con¬ 
ducting. Rs was then adjusted to allow 
the tyratron to conduct every half cycle. 
The current in winding 3 was then varied 
by means of R* until the flux would just 
reset in the nonconducting half-cycle of 
the tyratron. This condition can be 
found by observing on the oscilloscope 
that the rate of change of flux just reaches 
zero as the voltage from the tyratron 
supply begins to set the flux for the next 
cycle. The oscilloscope trace was photo¬ 
graphed during the resetting portion of 
the cycle to record the rate of change of 
flux as a function of time. Resistor R* 
was readjusted to change the period be- 



Fig. 2 (right). Rate of 
change of flux versus 
time curve for a 65- 
Permalloy core of 
0.005 - inch - thick 
tape resetting in 
0.044 seeond 


CONSTANT CURRENT 
9UPPLY 


tween tyratron pulses. Data were re¬ 
corded as before. Fig. 2 illustrates the 
oscilloscope face showing a typical rate 
of change of flux versus time curve. 

Results 

Fig. 3 is a plot of the average rate of 
change of flux density as a function of the 
external magnetizing force minus the d-c 
coercive force, hereafter referred to as the 
excess magnetizingforce. The averagerate 
of change of flux was found by taking twice 
the d-c saturation flux density and divid¬ 
ing by the time required to reset the flux. 
The excess magnetizing force was calcu¬ 
lated by converting the current in wind¬ 
ing B to units of magnetomotive force 
and subtracting the coercive force found 
on a d-c hysteresis loop. These data are 
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not intended as a reference, since the 
results vary noticeably between core sam¬ 
ples, but they do indicate the general 
trends. One observes that for a given 
material and excess magnetizing force the 
thicker laminations reset more slowly. 
It is also noteworthy that magnetic an¬ 
nealing causes Deltamax to reset more 
slowly. 

The shapes of the rate of change of 
flux versus time curves show interesting 
variations. Fig. 4 is a plot of such curves 
for three Deltamax cores of varying 
lamination thickness. The actual photo¬ 
graphs were replotted to facilitate super¬ 
imposing the results. Notice the in¬ 
creased tendency toward a second hump 
as the thickness increases. 

Two rather different shapes of rate of 
change of flux versus time curves are 
shown by specimens of Perminvar and 
Supermalloy in Fig. 5. Supermalloy has 


< to -3 to -2 io " 1 to 0 

EXCESS MAGNETIZING FORCE (OERSTEDS) 

Fig. 3. Average rale of change of flux density versus excess magnetizing force for several 

materials 


HiMa—Fiux Resetting Characteristics of Magnetic Materials 


May 1954 








a very high rate of change of flux early 
in tim e. The exponential effect is proba¬ 
bly caused by the sloping sides of the hys¬ 
teresis loop decreasing the effective excess 
mag netizing force as the flux approaches 
negative saturation. Perminvar has the 
double hump typical of thick or low re¬ 
sistivity materials but it also has a small 
unexplained notch on the rising part of 
the curve. 

All the rate of change of flux curves 
show a pronounced spike at the immediate 
start of the curve. This high rate of 
change of flux corresponds to the flux 
change from saturation to a point below 
the outer knee of the magnetization curve. 
Presumably, this is the energy stored in 
air-cored inductance and domain rotation. 

Fig. 6 is a rate of change of flux curve 
taken at a very low value of excess mag¬ 
netizing force. Besides being very ir¬ 
regular this same curve is not retraced on 
successive resetting cycles. The core 
sample shown exhibited the greatest 
irregularities, but all the materials tested 
gave similar results. 

AH of the data presented so far were 
taken with the flux resetting from satura¬ 
tion. When the flux is not reset from 
saturation the results are very different. 
The curves in Fig. 7 show the rate of 
change of flux as a function of flux den¬ 
sity with the external magnetizing force 
held constant. The core was magnetized 
to some flux density, given by the inter¬ 
section of the rate of change of flux 
curve and the flux density axis, and al¬ 
lowed to reset to negative saturation. All 
the curves that start from a flux density 
less than saturation have both a peak and 
an average rate of change of flux which 
are greater than that for a curve starting 
from saturation. This suggests that it 
takes an appreciable amount of time 
either to establish domain boundaries or 
to start them moving, once they have 
been subjected to a high magnetizing 
force. 

These results do not offer an answer 
to the question of why magnetic materials 
behave as they do. However, it is hoped 
that the technique applied here will be 


Fig. 5. Rate of change of flux versus time for 
Perminvar and Supermalloy 



TIME — 


Fig. 6. Curve of rate of change of flux versus 
time at low magnetizing force. Perminvar 
core of 0.005-inch tape 


useful in deriving more information lead¬ 
ing to the better understanding of ferro¬ 
magnetic materials and their operation 
in magnetic amplifiers. 

Application to Magnetic Amplifiers 

In a qualitative way results from this 
type of test can be applied immediately 
to high-control circuit-impedance self- 
saturating magnetic amplifiers. For 
example, the effect of the flux resetting 
characteristic upon amplifier gain can be 
studied. 

In such an amplifier the core presuma¬ 
bly is subjected to a constant magnetiz¬ 
ing force during the nonconducting half¬ 
cycle of supply voltage. At first glance, 
core materials which require the lowest 
excess magnetizing force to reset their 
flux in a time equivalent to 1/2 cycle of 
the supply voltage might be expected to 
give the highest gain. This is usually the 
most important factor but not the only 
criterion. 

In the normal half-wave magnetic 
amplifier circuit shown in Fig. 8 the 
available reverse voltage on the gate 
winding is not sufficient to prevent con¬ 
duction of the diode during the resetting 
period when the resetting period ap¬ 
proaches times as short as 1/2 cycle. The 
resulting current causes a loss in the flux¬ 
resetting ability as shown by the dotted 
area in Fig. 9. 


Fig. 7. Rate of change of flux versus flux 
density taken on a magnetically annealed 
Deltamax core of 0.002-inch tape 



Fig. 8. Half-wave magnetic amplifier circuit 



Fig. 9. The voltage resulting from flux reset¬ 
ting plotted with the available reverse voltage 
for a half-wave magnetic amplifier circuit 



B 


Fig. 10. Variation in the amount of flux 
reset caused by the shape of the rate of change 
of flux versus time curve 
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Hence, it is evident that the ideal ma¬ 
terial should have a rate of change of 
flux curve which never exceeds the availa¬ 
ble reverse voltage applied to the diode. 

The shape of the gain curve is affected 
by the shape of the rate of change of flux 
curve regardless of the available reverse 
voltage. Fig. 10 illustrates the condi¬ 
tion of an infinite reverse voltage. In 
both Figs. 10(A) and 10(B) curve 1 is 
twice the peak amplitude of curve 2. 
The change in area which is shown cross- 
hatched is greater for 10(B). This means 
that the material of 10(B) would have a 
higher gain, assuming the change in con¬ 
trol current were the same in both cases. 


These latter two minor factors largely 
determine the shape of the magnetic 
amplifier control characteristic between 
minimum and maximum output. They 
also indicate why two cores may give un¬ 
expected variations in characteristics 
when used in different circuits. A more 
extensive study of magnetic materials 
with this type of excitation might point 
the way toward a more precise method of 
designing magnetic amplifiers. 

While the preceding considers only 
magnetic amplifier aspects, this type of 
approach may also be useful in core 
materials evaluation and development. 
Even those interested in the basic me¬ 


chanics of domain movement might profit 
from this type of information. 
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An Ultrahigh-Frequency Transmitter 
Employing Klystron Power Amplifiers 


W. H. SAYER 

NONMEMBER AIEE 


IN THE search for a higher power trans- 
I mitting tube for the frequency range 
of 470 to 890 megacycles (me), it rapidly 
became evident that only a tube using 
transit time advantageously could solve 
the problem. In any discussion of an 
ultrahigh-frequency (uhf) transmitter em¬ 
ploying a klystron power amplifier, a 
basic knowledge of klystrons is essential. 

Since the klystron type familiar to 
many is the small low-powered reflex 
klystron oscillator, a review of the high- 
powered cascade klystron amplifier is 
given. 

The electron gun of the klystron con¬ 
centrates the beam to approximately the 
size of the diameter of the drift tube open¬ 
ing. The electrons receive their accelera¬ 
tion from the beam power supply. The 
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electron beam enters the drift tube, then 
proceeds down the drift tube, and is kept 
from spreading by the axial magnetic 
field. When the electrons reach the 
first gap, they are either accelerated fur¬ 
ther or decelerated by the radio frequency 
voltage set up by the first tuned circuit. 
By the time these electrons are at the 
second gap, they have had a chance to 
form discrete bunches. The electron 
bunches excite the second tuned circuit 
improving the bunching and increasing 
the gain of the klystron. The electron 
beam is in the form of bunches by the 
time of arrival at the output gap. The 
output gap must present the correct im¬ 
pedance to transfer effectively all the 
radio frequency power from the final 
bunched beam to the loaded cavity. The 
collector then dissipates the remaining 
power of the electron beam and is usually 
water-cooled. 


This general type of tube has been used 
previously in wide band operation in 
France 1 and the United States. Because 
the early tubes have cavities in the 
vacuum system, their method of tuning 
has been to change the gap spacing in the 
drift tubes. The only commercial tubes 
available with demountable cavities out¬ 
side the vacuum system are the 
klystron series, type 3K20, 000LA, LF, 
LK. The demountable cavities allow 
considerable tuning range (720 to 890 me 
on the 3K20, 000LK) without changing 
the gap spacing, and allow the designer 
to have control of the external tuned cir¬ 
cuits for his application. 

Fig. 1 shows the complete 5-kw Du 
Mont transmitter with the front doors 
open, designed for use with the klystrons. 
The two center frames are for the exciter 
and modulated amplifier. The sound 
channel klystron and power supply are 
on the left, and the visual channel kly¬ 
stron and power supply on the right. 
The high-voltage power transformers, 
variable-voltage transformers, side-band 
filter, diplexer, and heat exchanger are 
installed externally to the frames. Fig. 2 
is a block diagram of the system. The 
frequency control for both visual and 
aural transmitters is shown in Fig. 3. 
The frequency modulation of the aural 


Fig. 1 (right). The 
complete transmitter 
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Fig. 2. Block diagram of system 
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Fig. 3. Aural and visual exciter 


os cillat or is produced by a reactance 
tube. A second reactance tube controls 
t he average frequency of the oscillator 
and the control voltage, for this tube is 
derived from a crystal discriminator. 2 
Two dividers locked to the frequency- 
modulation oscillator drive the crystal 
discriminator. The stabilized fre¬ 
quency-modulated oscillator output is 
doubled, then mixed with the visual 
crystal oscillator frequency. The exciter 
output frequencies are 91.718 me for 
sound and 60.77 me for visual for a chan- 
nel-57 transmitter. The aural exciter 
frequency is then multiplied by 8 with 
three doublers using 4X150G’s and the 
visual exciter frequency is multiplied by 
12 with one tripler and two doublers. 

The visual overtone crystal operates at 
approximately 20.26 me, and any drift 
in this crystal oscillator frequency also 
changes the aural frequency. However, 
the difference (4.6 me) is dependent upon 
the stable crystal discriminator operat¬ 
ing at a low frequency. 

The final visual frequency doubler 
drives the modulated amplifier which is 
shown in Fig. 4. This circuit is a 
grounded grid type as far as radio fre¬ 
quency is concerned but is grid-modu¬ 
lated with video. The plate circuit is a 
wave guide resonator with capacity out¬ 
put coupling. The video modulation 
from a low-impedance cathode-follower 
modulator is applied to the grid through a 
small radio-frequency (r-f) choke. The r-f 
drive is applied to the grid-cathode tuned 
circuit by a coupling loop fastened to the 
sliding short. Because the grid of the 
tube has a long electrical length at 730 me, 
it is necessary to tune the grid to ground 
with a 1/2-wave line. This modulated 
amplifier is stable and with the effective 
grid to ground impedance slightly induc¬ 
tive, the linearity is improved con¬ 
siderably, as shown in Fig. 6. 

The final linear amplifier is the Eimac 
klystron tube, type 3K20, 000LK as 
shown in Fig. 6. One of the demountable 


cavities is shown fastened on the output 
gap. The movable end tuning plungers 
have been removed to show the method 
of cavity construction. Spring fingers 
which axe fastened to the ring on the top 
of the cavity make contact to the 1/4-inch 
copper discs on the tube. 

The basic circuit of the klystron used 
is shown in Fig. 7. The filament is a 
source of electrons and these electrons are 
accelerated to the cathode by the bom- 
barder supply. This cathode is the 
source of electrons for the electron gun 
of the klystron and is made of tantalum. 
The tantalum button or cathode requires 
about 1,200 watts to emit electrons. The 
electrons are then accelerated to the anode 
in a modified pierce gun design by the 
high voltage beam supply. An auxiliary 
or prefocus magnetic circuit is used to 
center the beam in the drift tubes and to 
increase the over-all efficiency of the tube. 
After the beam of high-energy electrons 
enters the drift tube, a magnetic circuit 
keeps the electron beam from spreading. 
Any klystron amplifier tube must have 
an excellent vacuum to prevent gas focus¬ 
ing, as the operation of a gas focus tube 
is quite erratic and unpredictable. The 
magnetic field increases from about 110 
gausses at the top pole to about 190 
gausses at the bottom pole piece. This 
field is obtained by two large coils with 


1,400 turns with a direct current of 2 
amperes, and the bottom coil with 1,800 
turns at 0.8 ampere. A plot of field 
versus length of drift tube is shown in 
Fig. 8, with positions of magnetic coils 
and gaps. The iron frame saves on d-c 
power because it completes the magnetic 
return path. The normal cavity current 
with the magnetic field adjusted properly 
is between 0.05 and 0.1 ampere. The 
cooling of the drift tubes requires a water 
flow of 1 gallon per minute, and the 
collector requires 8 to 10 gallons per 
minute. 

The beam supply is a 3-phase full-wave 
bridge supply with a variable voltage 
transformer for voltage control up to 
14,000 volts. This supply has a 2-section 
filter to reduce ripple resulting from line 
imbalance to prevent amplitude modula¬ 
tion of the beam. A single 3-phase full- 
wave bridge supply is used to get rid of 
spiking resulting from the start of mer¬ 
cury vapor rectifier conduction. The 
beam supply has a total current overload, 
and a cavity current overload in case of 
failure of the magnetic circuit. Both of 
these circuits are protected by tliyrite 
elements as the so-called ground bus can 
approach beam voltage as a transient in 
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Fig. 5. Linearity of modulated amplifier 


case of short circuits at these voltage 
levels. A 37-ohm transient suppressor 
is also included in the high-voltage supply. 
The cathode is heated by a single-phase 
full-wave supply with a single-section 
filter delivering about 2,000 volts at O.G 
ampere. This bombarder supply has to 
be well insulated because the anode of the 
klystron is grounded, and therefore the 
supply is negative with respect to ground 
by the amount of the beam voltage. 
Fig. 9 shows the final assembly of the 
klystron with the cavities assembled 
and water plumbing assembled. 

Having covered the mechanical as¬ 
pects of the klystron, we are now con¬ 
cerned with using jthe klystron as a broad- 
band/amplifier.'TjThe input and center 


circuits are normally quite narrow and 
some thought must be given to broad¬ 
banding the amplifier. 

The design of the first circuit in the 
klystron amplifier was made, to accom¬ 
plish maximum efficiency for a 5-mc band¬ 
width. In design of this type, two re¬ 
quirements must be met: 

1. It is necessary to have a reasonably 
flat load on the upper side-band frequencies 
for correct operation of the video modulated 
amplifier. 

2. It is necessary to have the maximum 
voltage across the first gap for velocity mod¬ 
ulation of the electron beam for a given 
amount of drive power. 


Fig. 6. Klystron and output cavity 


The input circuit is a double-tuned 
overcoupled transformer with a step-up 
ratio. Fig. 10 shows the mechanical 
construction. The inductive iris for con¬ 
trolling the coupling between the two 
tuned circuits is visible. The electron 
loading of the first gap was found to be 
quite small, allowing the main damping 
on the high-voltage side of the trans¬ 
former to be a coupling loop terminated 
in a 50-ohm wattmeter. The voltage 
standing wave ratio at the input terminal 
was. better than 1.2 to 1 from 1 me below 
earner to 4 me above carrier frequency. 

The center circuit on the middle gab- 
must also have enough bandwidth. This 
circuit is a double-tuned overcoupled 
transformer similar to the input circuit. 
However, external damping is used on 
the low-voltage side of the transformer as 
the electron loading from the beam is 
small on the high-voltage side. ' ■ • 

_ output circuit is a single-tuned 
circuit with an adjustable coupling loop 
in the 3 Winch coaxial line, shown in 
Fig. 11. The output circuit is broad 
enough for video use. In a theoretical 
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Fig. 8 (left). Typical 
focusing field 


investigation, 8 it was shown that the 
output Q on the last tuned circuit for 
maximum output would be about 70 to 
100 at 730 me. Experimentally, the 
output Q needed for maximum output was 
64, or a 3-decibel (db) bandwidth of 11.4 
me at 13-kv beam voltage and, as the 
beam voltage is increased, the loading 
must also be increased. This bandwidth 
is ample for video use, as a 4-mc side¬ 
band component would be down about 
2 db. 

To make the klystron amplifier flat 
over the passband, it is necessary to peak 



the center-tuned overcoupled circuit 2 
db at the high end. This can be done 
because the average power in these high- 
frequency side bands is down about 20 
to 30 db compared to the side-band com¬ 
ponents near the carrier. The 3.58-mc 
components, when transmitting National 
Television Systems Committee color, are 
down about 20 db. 

With the klystron delivering full power 
(continuous wave) in broad-band opera¬ 
tion, a power of 300 watts is dissipated in 
the wattmeter connected to the center 
circuit. The amplifier requires about 50 
watts’ total driving power under these 
conditions. 

Circuit efficiency becomes more im¬ 



Fig. 10. Double-tuned circuit 



portant in amplifiers used at ultrahigh 
frequencies. This determines the useful 
power output of the amplifier and the 
losses in the circuit. Correct design of 
by-passes and contact fingers in the uhf 
circuits become much more difficult be¬ 
cause of the high circulating radio-fre¬ 
quency currents at these frequencies. 
Circuit efficiency is 10QXQu—Q L /Qu } 
where Qu is the unloaded Q and Ql is 
loaded Q. Of course, it is necessary to 
couple to the tuned circuit to measure Q 
and a correction must be made for this 
coupling. 

A Q measurement technique has been 
described 4 which corrects for the loading 
resulting from the coupling loop after the 
slotted line was used. This procedure 
is one of the most comprehensive on the 
measurement of unloaded Q of cavities. 
Use of the graphs in the report saves 
considerable time. 

A comparison of circuit efficiency of a 
low-power tetrode and the klystron out¬ 
put circuit is as follows: At 730 mega¬ 
cycles 

. _ 100( Qu-Ql) 

circuit efficiency=-—- 

Qu 

For a 4 X150 tetrode 

efflcienc7= M_ 73percent 

300 


output circuit==4.7 micromicrofarads 
For a klystron ampere 


3,000 -64 
3,000 


=97.9 per cent 


output circuit=0.8 micromicrofarads 


A typical tetrode is the 4X15QG used as 
a modulated amplifier to deliver 120-watt 
peak. The klystron can deliver 8 kw to 
the output cavity with only 175watts lost 
in the output circuit including seals, 
ceramics, and copper losses. 

The ceramic losses are less when the 
tuning plungers are closer to the ceramic 
windows near the high end of the tube 
frequency range where the unloaded Q 
is around 3,500. 

The aural klystron amplifier is very 
similar, with the exception of the center- 
tuned circuit, which in this case does net 



pig. 9 . Klystron assembly Fig. 11* Output-tuned circuit Fig. 12. Diplexer and side-band filter 

Sayer—A UHF Transmitter Employing Klystron Power Amplifiers 


May 1954 


117 

































|C=hc±3lC±=ll 




Fig. 13 (left). Sche¬ 
matic of uhf di- 
plexer and filter net¬ 
work 
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have to be broad-banded, and therefore 
is a single-tuned cavity. The Q of the 
single-tuned circuit is much higher and 
the gain of the klystron is much greater. 
However, the driver in the aural rfrq m 
supplies much more power than needed so 
the broad-band double-timed input cir¬ 
cuit is used. This simplifies the spare 
tube problem, as this can be pretuned for 
video and used in either transmitter am¬ 
plifier . The center circuit is tuned on the 
high side of resonance to reduce the power 
gain still further which also gives a slight 
improvement in efficiency. 

A side-band filter is necessary to get the 
sharp cutoff on the lower side band, and 
is combined with the diplexer. The di- 
plexer is needed to combine picture and 
sound without interaction into a single¬ 
antenna feed line. This is shown in 
Fig. 12. The hybrid rings are 3/4-wave 
long on the arms and are shown schemat¬ 
ically in Fig. 13. This combination 6 is a 
constant resistance device to present to 
the video transmitter a fiat load at the 
sound rejection notches as well as at the 
side-band notches. The high Q cavities 
present short circuits at their resonant 
frequencies on the two transmission lines 


B— 



EffiBHlB 



frequency about l.SUAU cahIzh .n 4 mc 6 
Data taken at 730 me 


re between the hybrid rings. Each pair of 
ie cavities is tuned to the same frequency 
id so that the short circuits produced by the 
r. aural notch cavities reflect the aural fre- 
in quency power which add in phase at the 
so antenna terminal of the hybrid ring. 
r " Likewise, the power in the lower side-band 
•e frequencies is reflected back into the 
r dummy load. Of course, the 4.5-mc 
i- upper side bands of the video transmitter 
e are reflected back into the dummy load 
r and are not transmitted to the antenna. 

. Thie frequency response of the com¬ 
bined unit through the visual input to the 
; antenna terminal is shown in Fig. 14. 

I The side-band filter at uhf is not propor- 
• tionally smaller than the equivalent filter 
at very high frequency, as it requires the 
same physical volume to achieve the 
lower side-band attenuation shown at 
both uhf and very high frequency. The 
sound rejection filters are made of cop¬ 
per-dad invar wave guide to reduce tem¬ 
perature drift to a miniTnutri 

The power output of the transmitter 
varies with the beam voltage, and Fig. 

15 shows the narrow-band power output 
and broad-band power output with a typi¬ 
cal tube. In the theoretical investiga¬ 
tion, it was shown that the power output 
and effidency should be the same for 
broad-band or narrow-band operation. 
However, in broad-band operation of the 
center gap, the power gain would drop 
so that more radio frequency voltage at 
the input gap would be required for maxi¬ 
mum bunching at the output gap for the 

same power output. This power gl ! 

id drop and the effidency was less as 
shown on the data when 300 watts were 
dissipated in the center circuit’s dummy < 
load. However, data on the next trans- \ 

mitter installed have shown much less j 

difference between the two methods of c 
operation and with less power dissipated l 
m the center-tuned circuits for the same a 
band with. \ 

The linearity of the visual system is 4 
shown in Fig, 16. The modulated ampli- c 
her contributes all of the white compres- cl 

sion at low-power levels, and the klystron * 

contributes the blacker-than-black com- 
pression at 8 kw. Less drive will reduce 
both the compression and the power out¬ 
put. In normal station operation, a sta- 






0-- 

era- 


/ 

0 -Jgd 

L.-^r 1 


A? 

1 / 

SINGLE TUNED 
CENTER 

- 

A■ 

/ 


2 

/ 

/ 

/ 



/ 

/ 




* 10 " '* l» 14 » 

BEAM VOLTAOE KV-_* 

Fig. 15. Performance data of klystron 



.B .TB 

INPUT VOLT* 


Fig. 16. Visual system linearity 


bilizing amplifier is used to set the syn¬ 
chronizing signal amplitude as a percent¬ 
age of peak carrier. 

The sound transmitter exciter measured 
about — 60 -db frequency-modulation 
noise and, adding the klystron amplifier, 
it was still — 00 db. Amplitude-mod ula- 
tion noise on the sound carrier measured 
approximately -60 db. The video trans¬ 
mitter and monitor receiver have a rise 
time of 0.12 microsecond with a 100-ke 
square wave. 
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Frequency Response of a Resonant 
Dielectric Amplifier 


the response of a linear-element resonant 
circuit having sinusoidally, varying ca¬ 
pacitance. Of course, in the dielectric 
amplifier, the variable capacitance is ac¬ 
tually nonlinear. However, this paper 
analyzes the case where the carrier-fre- 


G. W. PENNEY E. A. SACK E. R. WINGROVE 

FELLOW AIEE STUDENT MEMBER AIEE NONMEMBER AIEE 


Synopsis: A fundamental limitation on the 
steady-state signal frequency response of a 
series-resonant dielectric voltage amplifier is 
the time required for the resonant circuit to 
adjust to a change in tuning. This paper 
analyzes this limitation for the case where 
nonlin ear resonance effects may be 
neglected. Typically, this limitation may 
require that the power or carrier frequency 
be several hundred times the highest signal 
frequency, if the gain of the amplifier is to 
be constant. 


T HE dielectric voltage amplifier shown 
in Fig. 1 utilizes a nonlinear dielectric 
(ferroelectric) capacitor as part of a series 
resonant circuit. 1 This circuit is excited 
by a carrier source whose voltage and fre¬ 
quency are constant. The capacitance 
of the nonlinear capacitor is varied by the 
signal voltage to be amplified. Of course, 
a change in the capacitance alters the 
tuning of the resonant circuit, and since 
the carrier frequency is constant, the cir¬ 
culating carrier current in the resonant 
circuit is modulated by the signal. The 
voltages appearing across the elements of 
the circuit will likewise be modulated. 
If one of these voltages, usually that 
across the inductance, is demodulated, a 
voltage output is obtained which, in a 
properly designed amplifier, has similar 
waveshape but larger amplitude than the 
input signal. Thus a voltage gain is 
realized. 


current. There is a definite average 
stored energy associated with every value 
of tuning in the region of resonance. If a 
change in tuning requiring a relatively 
large change in average stored energy 
occurs during a few cycles of the circulat¬ 
ing current, it is impossible for the source 
to supply or the circuit losses to dissipate 
the required change in energy during this 
time. Since this energy is related to the 
circulating current amplitude, it is impos¬ 
sible for the current to adjust to the new 
steady-state value required by the change 
in tuning during the time in which the 
change occurs. 

If the signal frequency, and thus the 
frequency of the tuning variation, is low, 
the circulating current may very nearly 
approach the steady-state amplitude re¬ 
quired by the tuning at each instant. 
However, as the signal frequency ap¬ 
proaches some fraction of the carrier fre¬ 
quency, the circulating current will no 
longer be able to follow the variations in 
tuning and the carrier-current modulation 
must decrease in amplitude and fall be¬ 
hind the signal. Since the signal output 
of the amplifier is proportional to the 
carrier current modulation, this output 
must also decrease in amplitude and lag 
in phase for higher signal frequencies. 

In addition to the fundamental limita¬ 
tion considered in this paper, the fre¬ 
quency response of the amplifier of Fig. 1 


quency voltage drop across the nonlinear 
capacitor is sufficiently small that it 
causes negligible variation in the total 
circuit capacitance. The results of the 
linear analysis should be of some value, 
even when the nonlinearity in the resonant 
loop is no longer negligible, since the aver¬ 
age stored energy for the resonant circuit 
must still change as the circuit timing 
varies. 

Nomenclature 

F«=peak value of the applied carrier po¬ 
tential 

*«= instantaneous value of the circulating 
current 

q =instantaneous value of the charge on the 
resonant circuit capacity 
2o,Si,2*» • • .“coefficients of the power-series 
expansion for q 
w,—signal angular frequency 
u e —carrier angular frequency 
«,v=natural angular frequency of the reso¬ 
nant circuit for a circuit capacitance 
C 

/“time 

0*=phase angle between the circulation- 
current modulation envelope and the 
circuit-capacitance modulation 
0 C =phase angle between the circulating cur¬ 
rent and the applied carrier potential 
R — resistance in the resonant circuit 
I,“inductance in the resonant circuit 
c(t) == instantaneous value of resonant circuit 
capacitance 

C —average capacitance in the resonant cir¬ 
cuit 

Q== quality factor of the resonant circuit 
m =modulation factor for the resonant cir¬ 
cuit capacitance 

AT “modulation factor of the circulating 
current 

Jlf 0 =modulation factor for very low signal 


The average stored energy in a high-Q 
circuit operating near resonance will be 
many times the energy which can be 
added by the source or dissipated in cir¬ 
cuit losses during a cycle of the circulating 
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may also be restricted by the signal input 
and demodulator circuits. It is generally 
possible, however, to design these circuits 
so that the drop off in the circulating- 
current modulation is the controlling 
limitation on the high-frequency response. 

In order to obtain quantitative infor¬ 
mation on the relation between the car¬ 
rier modulation amplitude and the signal 
frequency, an investigation is made into 


frequencies 

x,y —variables of the general differential 
equation 

a,M=coefficients of the general differential 
equation 

«,»== linear functions of x 

/*_i=right hand side of the (k— l)st equa¬ 
tion in the array 

0, y, 5, on, ft, yu Si, Di, Ei, Ft, Di, Ez, Fz, 
Di, Ez, Ft, D it ... = constants used 
to avoid rewriting unwieldy expres¬ 
sions 


Fig. 1. 
circuit 


A resonant- 
dielectric am¬ 
plifier 
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V SIN U£t 

Fl$, 2. Resonant loop 

Method of S olution 

The differential equation for the circuit 
under investigation is second order, 
linear, with a time-varying parameter. 
.This equation cannot be solved by ordi¬ 
nary methods. The solution presented 
here utilizes an assumed infinite series 
m powers of the modulation factor m 
where the coefficients of the series are 
functions of time to be determined. Ap¬ 
plication of this series transforms the 
task of solving the nonconstant-param¬ 
eter equation into one of solving an 
array of constant-parameter equations, 
one at a time. In the array, the solution 
of the kt h equation yields the /6 th coeffi¬ 
cient of the power series, and makes pos¬ 
sible the solution of the next member of 
the array. In the case of the dielectric 
amplifier, the power series converges 
rapidly; so that it is necessary to solve 
only a few of the equations. 

The method of solution is not re¬ 
stricted to the case investigated here, but 
can also be applied to a second-order cir¬ 
cuit where the variation in either induct¬ 
ance, resistance, or capacitance can be 
expressed in a rapidly convergent power 
series of the form 

sin«^-f-w*sin^w,<4-...) 
sin uat+m* sinW+...) 

1 / C(t) = (1 /C)( 1 -\~nt sin a a /+m 2 

sin* «^-f- ...) 

The electric driving force in the circuit 
may be other than sinusoidal, although 
more complicated forms may greatly in- i 
crease the work involved in evaluating the 
coefficients of the power series. I 

j 

Differential Equation and Solution S 

L 

In the circuit of Fig.D c 

T . E 

-t/=constant inductance s 

J? constant resistance £ 

c(/)=* capacitance which varies as I 

sin m,/) »*<1 /i) fc 

V sin u 6 t= electric driving force or "carrier o 

supply” p 

(The signal angular frequency w. and the ® 

SEir *?I frequency * « general 
different, and bear no relation to each other.) 

2 =charge on variable capacitance c(t) 

' In terms of & the circuit equation for 
Fig. 2 is 


^ +S4+ m^jr v ^ m 

or, multiplying equation 2 by 
(1-f-m sin u s t)/L 

(1+tn sin s i n co a l)-q+ 

L 

1 y 

lc <L "(1+M sin ag/)—sia a c t (3) 

The assumed solution to equation 3 is 
an infinite series of increasing powers of 
the capacitance modulation factor m 

q ... (4) 

where qo,qi,q 2 ,... are functions of time to 
be determined. 

Substituting equation 4 into 3, and 
equating the coefficients of like powers 
°f m > y ields infinite array of equations 

-, 1 V 

?°+ L ?o+ —q 0 =■- Sin <o e t (5.0) 


R 1 (y n \ 

+ L <il + LC 91 "\L sia ~ 

sin co s / (5.1) 

- - (q t +jq*) sin (5.2) 

i 

?t+ f* + Z^*—(ft-.+fjt-.) 

sin u s t (5.k) 

The right-hand side of each of the equa¬ 
tions, except equation 5.0, may be written 
in a different form, by using an equality 
obtained in each case from the preceding 


!) equation. Multiplying equation 5.0 by 
(sin cod) and rearranging terms yields an 
expression for the right-hand side of 
equation 5.1 which involves only q 0 and 
not its derivatives 

(l sin sin sin cV 

, . . (6 > 
Proceeding in this manner for the entire 
array gives 

, , R. , 1 V 

g 0 =-sin« c / (7.0) 

„ , 1 1 

+ LC qt o Sln w,/ (7.1) 

h+ L 92 + Lc 92 " (lc qi "Yc 9 * sin Uct ) 

, sin (Ogt (7.2) 

? sin ugt (7.k) 

where (4-i) is the right-hand side of the 
(^-1) st equation. Each of the equa¬ 
tions in the array is linear and has con¬ 
stant coefficients. Equation 7.0 may 
be solved for q 0 in terms of the parameters 
L > R > C > v > “c and t. This solution for 
go can be substituted into equation 7.1, 
which can then be solved for g, in terms 
Of C. V, rad , £ „ 

the solution to the (i-l)st equation 
leads to the solution of the fcth equation 
m the same way. 

The right-hand side of each equation in 
the array can be expressed as a sum of a 
finite number of sinusoidal components. 
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The solutions of the equations may be 
obtained by either standard differential- 
equation or a-c theory methods. Since 
each equation is linear, its solution is the 
sum of the solutions for each of the right- 
hand-side driving components 
Solving equation 7.0 for g 0 gives 


—cos a e t+ 


W?C R ) ( 

/ 1 <*cL\ . 

Wee r ) 51 


Inserting equation 8 into the right-hand 
side of equation 7.1, and solving for g x 
yields 

ffi “ A sin (w c -f-co 3 )/+Z )2 cos (<o c -f-co s )/-f- 

D« sin {«<.—w s )/-|-Z) 4 cos (« c —«,)! (9) 

where the coefficients are defined by equa¬ 
tion 27 in the Appendix. Whereas, the 
solution to g 0 contributes only carrier- 
frequency terms, g h adds first side-band 
components. 

If now equation 9 is substituted into 
the right-hand side of equation, 7.2 the 
equation can be solved for g 2 , and the 
solution has the form 

g-i—E\ sin co c t+Ei cos u c l-\-E* sin 

(«e+2c o»)t-\-E A cos (« c -f-2co g )/-l- 
Eu sin (w tf —2w s )/+£« cos (w e —2w $ )t (10) 

where Ei through Ee are constants. 
Thus, equation 7.2 contributes more 
carrier-frequency components, as well 
as the secondary side-band terms. It 
can be shown that the solution to equa¬ 
tion 7.3 will include additional first side¬ 
band components, as well as tertiary side 
bands. From this, a practical limitation 
of this fonn of solution becomes apparent. 
If m is not sufficiently small to make these 
additional carrier and primary side-band 
terms negligible, it becomes necessary to 
evaluate more than the first two or three 
coefficien ts of the power series. Although 
the procedure of solution for equations 7.3 
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/A, etc., remains the same, the number 
of terms on the right hand side of each 
differential equation becomes incon¬ 
veniently large. 

In the case of several practical dielec¬ 
tric amplifiers m is equal to or less t h a n 
0.006. Thus, a solution which includes 
only the first two terms of the power 
series is sufficiently accurate for the pur¬ 
pose of this investigation. 

g^go+mg 1 (n) 

The circulating current in the resonant 
circuit is 

l ~H= r ii +m d i < 12 > 

From equations 8 and 9 the form of the 
expression for the current is 


TT wj.yr" MS "‘' + 

’ R ) ( 

m i r . 

2 Pt Shl Fi 

cos (<i> c -f-wj)t-}- Ft sin (w e — 


—<•>*)* J j 


Fi cos (« c 


where the coefficients F x through F 6 
are listed in the Appendix. Equation 13 
is not a convenient form from which to 
determine the amplitude of the modula¬ 
tion envelope. As is shown in the Ap¬ 
pendix, by again neglecting terms multi¬ 
plied by powers of m higher than the first, 
it is possible to rewrite equation 13 as 

V 

i= J 1 + (X-^V x 


f 1+ (jL_^y 

\o) e RC R ) 

1 2 U ' RC V03, 2 -Mi 2 )(«t 2 +7i 2 ) 

sin («,/■+0*) j- sin (wct+<f> e ) (14) 



Fig. 5. Top: Input signal. Bottom: Modu¬ 
lated carrier 

..(,+=) 

*-(-;) 
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and cf> c is the phase angle of the carrier. 
The angle by which the circulating cur¬ 
rent modulation envelope lags the capaci¬ 
tance variation is 

. . Piyi—oti&i 

< 15 > 

In terms of the circuit natural frequency 
» n =1/VlC and quality factor Q— 
(u c L)/R, equation 14 can also be written 

V 


I 2 V to,* 


aS -t~0y _, 

l '(0 2 -h6 2 )(a: a + 7 2 ) 


sin (o) s l+<t> a ) > sin (o> c t+<f> c ) (16) 


where now 

’-(<) 
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3 cr 1 wide 

G BAND 

1 1 -L 6 = Q 
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w \ 

^ "c/ J 


CARRER 

SOURCE 


OSCILLOSCOPE 
VERTICAL DEF¬ 
LECTOR PLATES 


Modulation Factor 

The quantity of interest in equation 16 
is the amplitude of the modulation en¬ 
velope M 

M ~2 (l7) 


00p 1 Fig. 4. Test circuit The limiting value of equation 17, as the 
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RATIO OF SIGNAL FREQUENCY TO CARRIER FREQUENCY , 
Fig. 6. Modulation phase characteristics 
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Fif. 7. Comparison of modulation amplitude and phase characteristic 


signal frequency becomes very small in 
comparison with the earner frequency, is 


Mo=*tn 


Kg-) 


Of primary importance is the ratio 


«&->) 


the circmt lies on its resonance curve. 
For the dielectric amplifier, («* 2 /V)-l 
is generally chosen to maximize gain and 
should be picked, therefore, so that M 0 is 
a maximum for a given circuit quality 
factor. Taking the first derivative of M 0 
with respect to the quantity (w^ 2 /w c 2 ) -1, 
and setting the result equal to zero yields 


V(0*~+J2)(«a + .yS ) 


fe'-O, 


Before plotting Af/M 0 versus u s /w e for 
vanous values of the circuit quality fac- 
tor M)/R, it is necessary to pick a value 
°f /“c) — 1 ]. This quantity deter¬ 
mines where the point of operation for 


The choice of sign in equation 20 indicates 
that there are two points of operation 
where Mq is a maximum. One is for a 
circuit natural frequency greater than 
the carrier frequency, and one for a 
natural frequency less than the carrier. 
There is a 180-degree phase shift between 
the modulation envelopes for circuit opera¬ 


tion at each of these two points, but 
M/Mo remains the same for either sign. 

For («* 2 A> e 2 )-l = =fcl/@, equation 19 
becomes 

M _ a8+0y r2n 

Mo V(/3 2 +5 2 )(aH-<y*) 

Response and Experimental Checks 

Fig. 3 shows the drop off in modulation 
amplitude with increasing signal fre¬ 
quency for several circuit quality factors. 
The solid curves were obtained from equa¬ 
tion 21 while the dotted curves were taken 
experimentally, using the circuit shown 
in Fig. 4. 

The test circuit used is shown in Fig. 4. 
This circuit is essentially one form of the 
resonant dielectric amplifier, without the 
output demodulator. The input circuit, 
consisting of a signal generator anti a 
carrier blocking choke, places a constant- 
amplitude signal across the nonlinear 
dielectric capacitor for all signal frequen¬ 
cies in the test range. The signal ampli¬ 
tude is limited to a value which results 
in the desired variation in total circuit 
capacitance, C(1 +m sin a s t). The carrier 
potential is sufficiently small that the cir¬ 
cuit capacitance remains essentially con¬ 
stant throughout a cycle of the carrier. 
The modulation envelope of the voltage 
drop across L r is essentially the same as 
the modulation envelope of the circulating 
current, so long as If is small. The volt¬ 
age across a link loosely coupled to L r is 
amplified and applied directly to the ver¬ 
tical deflection plates of an oscilloscope. 
The ratio M/Mo is computed from 
measurements of the envelope as it ap¬ 
pears on the screen of the oscilloscope. 
Fig. 5 shows this envelope and the modu¬ 
lating signal. 

Fig. 6 shows the variation in the phase 
angle between the circulating current 
modulation envelope and the circuit- 
capacitance modulation, as the ratio of 
signal-to-carrier frequency changes. 
Curves are shown for the same quality 
factors as in Fig. 3. Fig. 7 compares 
amplitude and phase curves from Figs. 

3 and 6 for a particular circuit quality 
factor. 

If the signal and the demodulator cir¬ 
cuits in Fig. 1 are ideal, then Figs. 3 and 
6 represent approximately the high-fre¬ 
quency-signal gain and phase characteris¬ 
tics of the amplifier of Fig. l. Under 
these circumstances, the ordinate of Fig. 

3 indicates the per cent of low-signal fre¬ 
quency gain. The ordinate of Fig. 0 indi¬ 
cates the change in the phase shift of the 
amplifier output with respect to its phase 
shift at low signal frequencies. 
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In this analysis only two terms of the 
assumed power series have been used in 
finding M 0 . In order to check the ac¬ 
curacy of this approximation, the low- 
signal frequency gain of a dielectric am¬ 
plifier as calculated from M 0 can be com¬ 
pared with a more direct analysis of this 
gain from a previous paper. 1 The latter 
also treats the resonant loop as linear, but 
is an exact analysis of the case where the 
signal frequency approaches zero. For a 
given stage, the gain as calculated from 
the first two terms of the assumed series 
agrees with the result from the direct 
analysis to within 2 per cent, for a selec¬ 
tion of circuit quality factors in the 
range 22 to 560. 

Conclusions 

The solution shows that the funda¬ 
mental limitation on the signal frequency 
response of a resonant-circuit dielectric 
amplifier is the time required for the re¬ 
sonant loop to adjust to a change in tun¬ 
ing. If this is the only limitation, then 
for an amplifier with a carrier-circuit 
quality factor of 110 to have a flat re¬ 
sponse to 10,000 cycles per second, a carrier 
frequency on the order of 7 megacycles 
must be employed. It can be seen from 
Fig. 4 that the signal frequency at the 
high-frequency half-power-output point 
is approximately 0.7 of the ratio of the 
carrier frequency to the circuit quality 
factor. If an amplifier is to have negligi¬ 
ble phase shift at a particular signal fre¬ 
quency, it must utilize an even higher car¬ 
rier frequency than that required for a 
flat amplitude response. 


Appendix 

Solution for the Coefficients of the 
Assumed Power Series 

From equations 1 through 7 the substitu¬ 
tion of the power series 

q*=q\\+q\m+qzm i -\-qm*+q i m*+ ... (4) 

leads to the array 

R 1 V 

#o+- !{i +— ffo“— sin w c t (7.0) 

jj 1 j 

ffi* —ffosinw,* (7.1) 

sin u s t (7.2) 

&+— 4-+— -*/*- 1 ) * 

sin w g t (7.k) 
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The right-hand side of each member of the 
array can be expressed as a sum of sine or 
cosine terms having frequencies which are 
sums or differences of multiples of u c and 
<«>g. The general form of any member of the 
array set equal to only one of its right-hand 
side sinusoids is either 

d 2 y dy 

dx* +a Ix +by ~ d Sin ^ u+v) 


( 22 ) 


d 2 y dy 


-d cos (tt-fc) 


(23) 


where u and v are linear functions of x. 
The general form of the steady-state solu¬ 
tion to equation 22 is 


y = 


\b-(u'+v') 2 ] 2 +aXu'+ i>') 2 
{ [b— (m'+j;') 2 ] sin (tt+v)— 

a(w'-|-z/) cos («+?>)} (24) 

while the general steady state solution to 
equation 23 is 


y = 


:X 


[b-iu'+v'W+a^u'+v') 2 ' 

{a(u'+v') sin («+»)+ 

[6—(«'-HO ! i cos («+»)} (25) 

Equation 7.0 has the general form shown by 
equation 22. Hence, from equation 24, the 
solution to equation 7.0 is 


q a - 


_V_ 

u e R 


, /J_ <^L\ 

\<>} e RC R J 

j-COW+(-i, 


■ < f) sin "4 


( 8 ) 

Substituting equation 8 into equation 7.1 
and rewriting the right-hand-side terms as 
functions of (w c -f-«g) and (cc e —a a ) yields 


, R 1 
il+ I ?l+ Zc 5, “ 


V 

2L*C 


[“f sin (« e +«g )t-(jr£ 


X 


cos (w c -f-u s )/-)-- w e sill (u c —w s )i+ 

cos («e-«#)*J (26) 

Since the principle of superposition applies, 
the steady-state solution to equation 26 is 
the sum of the steady state solutions to the 
four equations formed by setting 

,R ,1 

S ' + Z* + Zc ? ‘ 

equal to each of the right hand side terms of 
equation 26. Each of these four equations 
has either the general form of equation 22 
or 23. Hence, the solution to each equa¬ 
tion can be obtained from either equation 24 
or 25. Forming these solutions and collect¬ 
ing terms 


2i ! 


V 
2w c.R 


i_r R± 

RC _ 71 


Yi — a, 


1 + Fj 2 w c J?C|_7i J -|-tt l a 


sin (w c “j- Wg)/-f- 


— yi — aiFi .... 

“ 2 +ai 2 C0S (“c+«s)f + 


3i 2 +ft 2 

Si+diFi 


3i 4 +ft 


sin (« c —Wg)/-f- 

cos («„— w s )t J (27) 


where 
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■(i+±) 9 *r 

V oj R J 


Sl= \j^RC~ 

A » a yw c Ll 
\ R J 


Fi=*f— - 

\w e RC 

co e L\ 

' r) 

Forming 


2=ffo+»22i 


(11) 

and taking the derivative 

dqdqe dq, 

i —h m— 

dt dt dt 

(12) 

From equations 8 and 27 
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. R j . 

sill Oict+Ft cos a> c t+ 


IF* sin (« c +o»g)/-l-F 3 X 


m 1 
2 w c RC 

cos (w c +“*)f+Fi sin (w c —cog)/+ 


F 5 cos (<u, 


where 

W RC R ) 

Q-iFiYi —ari 2 

1*2 -- 

Yi 2 +ai* 

„ -aiYi-ai 2 F| 
Pz =3 ‘ ——— 

Yi*+«i 2 




(13) 
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ft3i4-^i 2 F| 


5i s +(8| 2 

Simplification of Equation 13 
The form of equation 13 is 
V 

. R l . ml 


IF* sin («<•+«,)£-{-F 3 cos (w e +w s )^+ 
F* sin (w c —a>e)/+Fi cos (w e —«j)/] j- 

Expanding and collecting terms 
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sin^+^, + |_L_ (Pl _j ! . ))>< 


• . ,*n 1 "I 

sin «,< + 2 (ft + ft) cos « s f J X 

cos« c *| (28) 

Combining the sin uj. and cos oigt terms 
V 
R 


tss 


ft X ft+ -ft ),l-sin c/ s t cos w s /j*2 X 

sin (uct+fo) (29 ) 

Neglecting terms multiplied by m a and com¬ 
bining sin w s t and cos u t t 


R 

" w 1 

Vl + *ft 2 

L 1+ft 2 co e RC 


[(ft*-ft.)+ft(ft-ft)] 2 X 
sin(cj s /i+^)Ja sin ( u e t+<f> e ) (30) 


i+^*{ (1+ ^ ia ) + I^c l ( i? ‘~ F «)+ 
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Writing 


(31) 


:X 
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V[(.f 2 +f<)+f(f *+/•,)]•+ 

[(ft - ft)+ ft(ft— ft)} 2 X 
sin 

in a binomial expansion and again neglecting 
all terms which are multiplied by powers of 
m higher than the first 

No Discussion 
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Vl+ftM" ' 2(l-f-/^ a ) u c RC 
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V [( Ft+ F i )+F l (F 3 +F i )]*+ 

sin («,/+&) | sin (« c /+^) (32) 

Substituting the values given for F u ft, ft, 
F 4 , and F s 
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An Automatic Voltage Control System 
for Electrical Precipitators 
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A FUNDAMENTALLY new system 
of precipitator automatic voltage 
control has been developed for use in the 
Cottrell process of electrically removing 
suspended matter from gases. The new 
system is based on extensive field meas¬ 
urements with respect to the actual operat¬ 
ing requirements necessary to obtain 
fundamentally sound performance. This, 
coupled with flexibility in design, ensures 
that optimum electrical conditions for 
maximum collection efficiency will be 
maintained automatically and continu¬ 
ously for a wide range of precipitator con¬ 
ditions. 

The need for automatic voltage con¬ 
trol in electrical precipitation equipment 
has long been appreciated. Proposed 
systems have been discussed in the litera- 
ture 1 - 2 * 3 from time to time, but none of 
these has gained acceptance or been used 
to any extent. The operation of earlier 
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systems depended on one or more of the 
following: 

1. Onset of precipitator sparking; i.e., the 
regulator takes hold at the first spark and 
essentially maintains the precipitator oper¬ 
ating voltage at, or just below, the sparking 
potential. 

2. Predetermined values of precipitator 
voltage or current. 

3. A line input voltage which is kept con¬ 
stant. 

The complexity of the factors which de¬ 
termine precipitator operating voltages 
and currents and the fact that they may 
change frequently, and sometimes over 
wide ranges, makes it highly impractical 
to use either the voltage or the current as 
a primary control factor in an automatic 
regulating system. In addition, the 
control elements in previous systems have 
often been large, expensive, and rather 
complicated. Consequently, such sys¬ 


tems have not been incorporated generally 
into electrical precipitation equipment in 
this country. 

On the other hand, the value of a prop¬ 
erly functioning automatic regulator in 
continuously maintaining maximum pre¬ 
cipitator performance is reflected in in¬ 
creased long-term collection efficiency 
and reduced operating expense. The 
current public and engineering empha sis 
on the reduction of atmospheric pollution 
further stresses the importance of auto¬ 
matically maintaining maximu m elec¬ 
trical energization in precipitators subject 
to variable load conditions. 

Basic Design Requirements 

As a necessary and important prelimi¬ 
nary step in developing a suitable automa¬ 
tic voltage control system, field measure¬ 
ments of actual operating characteristics 
and investigations of the requirements for 
best efficiency were carried out on a n tim ¬ 
ber of industr ial precipitators. These 
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mittee on Technical Operations for presentation at 
the AIEE Winter General Meeting, New York, 
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SPARKS PER MINUTE 

Fig. 1. Per-cent efficiency as a function of 
average sparking rate for a typical fly-ash 
precipitator 

tests show that, contrary to previously 
accepted ideas, maximum collection effi¬ 
ciency usually occurs at operating volt¬ 
ages high enough to cause an appreciable 
amount of precipitator sparking. Hence, 
an automatic voltage regulator which is 
controlled by the precipitator sparking 
rate, rather than by one or more of the 
parameters mentioned in the foregoing, 
seems best suited to the problem. 

The optimum sparking rate will vary 
somewhat for different types of precipita¬ 
tors and is best determined by actual test 
under the particular conditions involved. 
In general, however, this optimum figure 
typically lies between 10 and 100 sparks 
per minute per precipitator section. For 
cases involving high resistivity materials 
(p > 10 10 ohm-centimeters), the figure 
may be several hundred per minute. 
Fig. 1 shows a typical example of the 
effect of the sparking rate on the collec¬ 
tion efficiency of one section of a large 
fly-ash precipitator.* The result here is a 
maximum collection efficiency of 82 per 
cent at an average of about 50 sparks per 
minute, dropping off to only 70 per cent 
efficiency both at the onset value of one 
spark per minute and at the excessive 
rate of about 175 per minute. 

The sparking potential in an electro¬ 
static precipitator is a complicated func¬ 
tion of many factors such as voltage wave 
shape, electrode geometry, gas charac¬ 
teristics, properties of the collected ma¬ 
terial, particularly its electrical conduc¬ 
tivity, and the amount of material which 
is allowed to accumulate on the electrodes. 
Sparking may occur at almost any value of 
load current over a range of voltages from 
about 30 to 80 kv, depending on the par¬ 
ticular application and type of precipita¬ 
tor employed. It is generally random 
throughout the precipitator, and the oc¬ 
currence of any given spark cannot be 
predicted. 

However, at any given time, the aver¬ 
age rate of sparking integrated over a 


reasonably long time, such as 1 minute or 
more, may be correlated with the operat¬ 
ing peak voltage. The result for a typi¬ 
cal fly-ash precipitator is shown in Fig. 2. 
The exponential increase in average 
sparking rate with peak voltage is an em¬ 
pirical relationship which has been found 
typical of many industrial precipitators. 
In any given application, the slope of the 
curve and the voltage intercept corre¬ 
sponding to an average of one spark per 
minute will vary somewhat with the 
various precipitator load and operating 
conditions. The resistivity of the ma¬ 
terial, the corona current density, and 
the voltage wave shape are among the 
important parameters known to affect 
both the slope and the voltage intercept. 
With collected materials in and above t h e 
critical resistivity range (order 10 lfl ohm- 
cm), the threshold voltage may be sub¬ 
stantially reduced. In such cases, the 
slope of the curve generally is also lower 
than that with more conducting materi¬ 
als. As a result, the optimum sparking 
rate for best efficiency may be several 
times the typical figure of less than 100 
sparks per minute. 

Referring to Fig. 1, it is seen that the 
increase in efficiency from about 70 per 
cent at a sparking rate of one per minute 
to about 82 per cent at a sparking rate of 
about 50 per minute corresponds to in¬ 
creasing the precipitator voltage from 45 
to about 49 kv for this particular pre¬ 
cipitator section. In numerous cases, 
the performance of field precipitators has 
been substantially improved by adjusting 
the operating voltage in accordance with 
these principles. The importance of 
operating an electrostatic precipitator at 
the highest possible voltage compatible 
with the losses resulting from sparking 
cannot be overemphasized. 

The critical dependence of collection 
efficiency on the operating peak voltage 
as illustrated in Figs. 1 and 2 is character¬ 
istic of electrical precipitators. On ac¬ 
count of the steep voltage-current char¬ 
acteristic of the corona discharge, small 
changes in voltage can produce large 
changes in current and in power. This is 
especially significant in the region of the 
sparking potential where the corona 
power increases at a rate at least four or 
five times faster than the peak voltage. 
High voltage and high corona power pro¬ 
mote high collection efficiency. 4 * 5 On the 
other hand, excessive voltage causes a 
rapidly increasing sparking rate which 
reduces the efficiency. Obviously, there 
exists a balance between these opposing 
factors where the gains obtained by in¬ 
creasing the voltage are offset by the los¬ 
ses resulting from sparking. 


From quantitative field measurements 
under actual operating conditions, we 
conclude that the basic requirements for 
an automatic voltage control sys tem 
suitable for a wide variety of industrial 
precipitator applications are as follows: 

1. Operation should be controlled by the 
average sparking rate which should be ad¬ 
justable within wide limits. 

2. The sparking rate must be integrated 
over a reasonably long time (i.e., 1 minu te 
or more) to obtain an average rate not 
greatly influenced by occasional bursts of 
sparking sometimes caused by bits of fall¬ 
ing dust, momentary process fluctuations, 
etc. 

3. The precipitator peak voltage must be 
smoothly adjustable to within 1 or 2 per 
cent of normal operating voltages. This 
generally means being able to set operating 
values within about ±0.5 kv. 

Reliability, simplicity, ease of adjustment, 
and reasonable cost are additional re¬ 
quirements which are of great practical 
importance. 

Description and Operation 
General 

Conventionally, an electrostatic pre¬ 
cipitator is energized by a unidirectional 
voltage of negative polarity derived from 
the rectified output of a high-voltage al¬ 
ternating-current transformer. The pre¬ 
cipitator operating voltage is adjusted by 
varying the transformer primary voltage 
by means of an appropriate regulator 
connected to the line source. A suitable 
current-limiting device, such as a series 
resistor, is used to attenuate p rimar y 
current transients caused by precipitator 
sparking. 

The precipitator automatic voltage 
control method is based on measuring the 
average sparking rate, comparing the 
measured rate with the desired optimum 
rate, and using the difference or error 



Fig. 2. Variation fn sparking rate with oper¬ 
ating peak voltage for a representative fly-ash > 
precipitator 
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signal to either raise or lower the precipi¬ 
tator voltage to compensate for any 
change in the sparking rate. It may be 
noted that such a system inherently pro¬ 
vides automatic adjustment for all nor¬ 
mal operating factors, including line 
voltage fluctuations, which tend to alter 
the average sparking rate in the precipi¬ 
tator. 

The first apparatus to regulate the 
voltage according to these basic princi¬ 
ples was installed on an industrial 
precipitator in this country in 1949. 
Using a mechanical integrator with 
periodic measurement of average spark¬ 
ing rate required a minimum of about 5 
minutes between precipitator voltage 
adjustments. In many cases this is en¬ 
tirely satisfactory and, indeed, several 
of these systems are currently in opera¬ 
tion. The improved system described in 


the primary circuit of the precipitator 
rectifier set. The precipitator voltage is 
thus automatically controlled to maintain 
the predetermined optimum sparking rate 
required for maximum collection effi¬ 
ciency. The precipitator voltage adjust¬ 
ment may be either on a continuous or 
an intermittent basis, the latter regulated 
by a timer. 

With the exception of the capacitance- 
type spark senser located in the precipi¬ 
tator high-tension circuit and the motor- 
driven primary voltage regulator, the 
automatic voltage control components 
comprising a single-tube amplifier stage, 
electronic integrator and rate meter, 
associated low-voltage power supplies, 
and motor control elements may be as¬ 
sembled in a compact unit of over-all 
dimensions 18- by 10- by 10-inches as 
shown in Fig. 4. 



fglSlp 


this paper was developed: 1. to provide 
continuous sparking rate measurement 
permitting automatic voltage control 
(avc) operation in a greater number of 
applications, 2. to simplify field adjust¬ 
ment of control range, and 3. to eliminate 
manufacturing and maintenance prob¬ 
lems associated with mechanical de¬ 
vices. 

Fig. 3 shows a schematic block diagram 
of the arrangement used. In this system 
the precipitator average sparking rate is 
converted to a proportional d-c current 
bv means of a thyratron pulser circuit 
and integrating network. The thyratron 
is triggered by transient voltage pulses 
caused by precipitator sparking. The 
indicating current meter in the integrating 
circuit may be calibrated directly in 
sparks per minute, and is of the contact¬ 
making type having two adjustable con¬ 
tact pointers. These pointers may be 
easily and quickly set to the desired opti¬ 
mum sparking rate range anywhere on 
the meter scale. Appropriate relay servo 
circuits responsive to the meter contact 
closures operate a small reversible elec¬ 
tric motor driving a voltage regulator in 


All the components are conservatively 
rated for maximum reliability and long 
life under continuous-duty conditions. 
The contact-making meter, recently de¬ 
veloped by the Weston Company, is 
especially designed for industrial service. 
The thyratron is filled with Xenon gas so 
that its operation is unaffected by normal 
ambient temperatures encountered. 

The important characteristics and de¬ 
sign features of the system may be sum¬ 
marized as follows: 

1. Continuous indication of precipitator 
average sparking rate on a meter scale which 
may be calibrated directly in sparks per 
minute. 

2. Electronic integrator uses no moving 
parts and thereby avoids critical manufac¬ 
turing problems and the effects Of wear 
which are inherent in mechanical devices. 

3. Sparking rate control range ma y be 
easily adjusted in the field by simply turning 
two pointer knobs on the front of the con¬ 
tact-making meter. 

4. May be used with the double half-wave 
rectifier circuit energizing two precipitator 
sections from a single electrical set. In this 
case, two capacitance-type spark detectors 
are used with a selector switch which permits 
average sparking rate measurement in each 
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Fig. 3 (left). Sche¬ 
matic block diagram 
of automatic voltage 
control system for 
electrical precipita¬ 
tors 


Fig. 4. Experimental model of the auto¬ 
matic voltage control unit 

section separately, or in both sections simul¬ 
taneously. 

6. May be applied equally well to existing 
rectifier set installations and to new pre¬ 
cipitator energization equipment, including 
the recently developed pulse system. 8 

Circuit Operation, See Fig. 3 

When an interelectrode spark occurs, 
the precipitator voltage collapses mo¬ 
mentarily to almost zero. This steep 
wave front produces a positive voltage 
pulse in the capacitance divider which 
is composed of the pick-up element and 
the capacitance of the shielded input 
cable. Normal a-c line frequency varia¬ 
tions in the signal are eliminated in a 
differentiating circuit, and the resulting 
voltage spike is fed through a gain 
control potentiometer and a double- 
triode amplifier stage to the grid of the 
thyratron. Each trigger pulse arriving 
at the grid causes the tube to lire and to 
discharge capacitor C v through induct¬ 
ance L in the anode circuit. The induct¬ 
ance is used to limit the peak current 
through the thyratron and to ensure rapid 
deionization following the pulse. After 
each discharge, capacitor C v is recharged 
from a d-c supply through resistor Ri 
and the network composed of R 2l R, C, 
atid the meter. The circuit equations 
for a pulser of this type are well known. 
For our purposes, it is sufficient to note 
that it constitutes a very simple means of 
producing a standard current pulse. 
The average value of a series of such 
pulses is a measure of their mean rate, 
and hence of the precipitator average 
sparking rate. The conversion of a series 
of events into standard pulses which are 


0r * applied to an integrating circuit whose 
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output is a measure of the average rate of 
occurrence of the events has found exten¬ 
sive application in the past 20 years. 
(Smith reviews basic types of pulse-shap¬ 
ing circuits, discusses operating theory of 
several integrating circuits including ef¬ 
fects of random pulse input, and gives 
references to other pertinent papers.) 7 

The average current in the charging 
circuit is given by 

ic=Cp(F c -7 fl )/ 

where 

/=recurrence rate, pulses per second 
F c => initial voltage across C v 
Fo ~ voltage across Cp at the end of the dis¬ 
charge 

As long as C v and ( V 0 — Fo) are c ons t an t, 
the average current will be proportional 
to the pulse rate. These conditio ns ean 
be sufficiently satisfied by making C P 
fixed, allowing adequate charging 
between pulses, and using a stabilized d-c 
power supply of conventional type. In 
practice, to obtain adequate integration 
and smoothing, R% is made much smaller 
that R so that only a small portion of the 
total current passes through the indicat¬ 
ing meter. A proper response of the con¬ 
trol circuit to variations in the sparking 
rate requires at least 20 or 30 seconds for 
the integrating time constant. Resistor 
R in series with the meter is adjustable 
for calibrating purposes. 

Multiple meter scales may be obtained 
by using different values of capacitance 
C p with a selector switch. The unit 
in Fig. 4 has two scales, 0-500 sparks per 
minute and 0-2,000 sparks per minute. 

Performance and Application 

An experimental avc system of the 
type described was installed about a year 
and a half ago to control the high-volt¬ 
age output of a 16-kva rectifier set ener¬ 
gizing two sections of a large multisection 
fly-ash precipitator. The system has 
been in continuous and satisfactory serv¬ 
ice during this period without adjust¬ 
ment or operating difficulties. As in 
many fly-ash precipitators, the electrical 
operating conditions varied over a wide 
range depending on the boiler load and 
the type of coal being burned in the fur¬ 
nace. Performance was checked over a 
typical 14-day period by a recording 
milliammeter indicating the average load 
current of the rectifier set. While main¬ 
taining an average precipitator sparking 
rate between 25 and 75 sparks per minute 
per section, the total load current varied 
between extremes of 90 ma and 210 milli- 
ainperes, the latter figure corresponding 
to approximately full-power output from 


the rectifier set. The daily average cur¬ 
rent was about 180 milhamperes, vary¬ 
ing, with periods of several hours at 
steady load, between 160 and 200 milli- 
amperes. Under similar conditions nor¬ 
mal practice without automatic voltage 
control would provide a mayimtim of 
about 160 milliamperes. During this 
particular period, the avc action resulted 
in an average corona power increase of 
at least 15 per cent above that which 
could otherwise be expected without fre¬ 
quent periodic manual adjustment by an 
operator. 

Under favorable conditions, full recti¬ 
fier power output may often be applied 
with little or no precipitator sparking. 
In such cases, the avc limit relay shown 
in Fig. 3 opens part of the automatic volt¬ 
age control circuit so that the equipment 
cannot be operated above its rated capac¬ 
ity. As long as such favorable condi¬ 
tions exist, the precipitator operating 
voltage will be maintained at that value 
corresponding to full rated load current 
for the rectifier set. If, at some later 
time, the operating conditions should 
change so that excessive sparking occurs, 
the automatic system resumes control 
and makes the appropriate correction. 

It may be well to point out that an 
automatic voltage control system is not 
a substitute for normal protective devices 
such as overload relays or proper current- 
limiting impedance in the precipitator 
electrical equipment. On the other hand, 
with avc it is important that overload 
relays be properly set so that full rated 
load may be drawn continuously. In 
this way, maximum utility of ins tall 
rectifier set capacity is ensured. The 
problem of reduced electrode clearances 
or a leakage path gradually developing in 
the high-tension circuit such as might be 
caused by full hoppers, for example, is 
of interest. With an avc system, the 
transformer primary input voltage will 
be correspondingly reduced according to 
the increasing degree of the fault until 
either a voltage can be reached just suffi¬ 
cient to sustain full-load current, or a 
short circuit develops and the overload 
relays take the set off the line. Advance 
warning of a serious fault or impending 
kick-out in such circumstances may be 
given by an alarm circuit actuated if the 
transformer voltage dropped below a pre¬ 
determined value. 

Recent developments in the system in¬ 
clude an improved spark senser and dis¬ 
criminator for connection in the low- 
voltage primary circuit of the rectifier 
set. This eliminates the need for long 
cable runs or special protective devices 
associated with spark sensing in the high- 


tension circuit. Although the equipment 
described used a contact-making meter 
as the control element, it is apparent that 
the basic system permits equally well the 
use of other control means such as, for 
example, a magnetic-amplifier-type servo 
arrangement. 

Based on the reliability and perform¬ 
ance achieved to date, the new avc sys¬ 
tem should constitute a valuable adjunct 
to modern equipment for energizing elec¬ 
trical precipitators. It is primarily in¬ 
tended for applications subject to variable 
load conditions where maximum collec¬ 
tion efficiency can be automatically main¬ 
tained by continuously operating the 
precipitator at the highest possible volt¬ 
age compatible with the dust losses from 
sparking. When little or no sparking 
occurs, the system will automatically 
maintain operation at full rated power 
output from the precipitator electrical 
equipment, thereby ensuring tnavimnm 
utility of installed transformer capacity. 
Continuous measurement of the average 
sparking rate shown directly on a m e ter 
gives a convenient and effective means for 
quickly checking over-all performance. 

The equipment may be applied both to 
new rectifier sets and as an adjunct to 
existing rectifier sets. Important ap¬ 
plications for automatic voltage control 
include, for example, the collection of fly 
ash, cupola furnace dust, cement dust, 
and dust from ore-sintering operations. 
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A Radio Relay Remote-Control System 
for Frequency-Modulation Broadcast 

Stations 


T. R. HUMPHREY 

NONMEMBER AIEE 


R URAL Radio Network, Ithaca, N.Y., 
operates a chain of 13 frequency- 
modulation (FM) stations on a radio relay 
basis. Six of these stations are owned and 
operated by this network. In common 
with most FM broadcast stations, the 
transmitters are located in mountainous 
terrain with relatively poor access, es¬ 
pecially in the winter season. 

One site in particular, located at Bristol 
Center-, N.Y. (about 30 miles south of 
Rochester) posed a serious enough access 
problem to warrant purchase of a special 
tractor-ski vehicle to provide transporta¬ 
tion for personnel and supplies during 
winter months. 

Although the economy which successful 
remote control operation would afford was 
obvious, it was principally because of the 
hazard to personnel that the first investi¬ 
gations of the possibilities of remote oper¬ 
ation were made. 

In November 1949, Rural Radio Net¬ 
work petitioned the Federal Communica- 


quency deviation, modulation percentage, 
and aural condition of the transmitted 
signal. 

4. Station identification announcements. 
These a nn ouncements must be made only 
on the carrier of the station identified. 

In addition to these Commission re¬ 
quirements, operational demands re¬ 
quired metering and maintenance of a-c 
line voltages, because of exceedingly poor 
line voltage regulation in the rural trans¬ 
mitter location, and control of an auxili¬ 
ary power plant. Instantaneous selection 
of various relay receivers was necessary. 
Experience with the transmitters used 
indicated that motor control of the power 
amplifier plate tuning and output Ifnlr 
coupling adjustment was required. 

Although the proposed remote control 
operation was the first granted by the 
Commission and there was no indication 
that permanent authority would finally be 
issued, it was decided to base design of the 
original equipment on the premise that 


, - .. .MM IW O--WAX vilv pitilliac 11*4X1 

tions Commission for special experimental the system might eventually be expanded 

authoritv to onerat#* TTAT tn in Alii/In iriAfA __ t 


authority to operate FM broadcast sta¬ 
tion WVBT, Bristol Center, N.Y., by re¬ 
mote control from FM broadcast station 
WVCN, DeRuyter, N.Y. These stations 
are approximately 80 miles apart. 

The particular path was chosen for the 
initial experimentation both because of 
the extreme distance involved and be¬ 
cause successful operation would minimize 
the personnel hazard at the remote sta¬ 
tion. Solution of the problems on the 
long path obviously would make exten¬ 
sion of the system for shorter distances 
practical. 

The Commission made a grant for such 
operation on an experimental basis in 
June 1950. In making the grant, the 
Commission emphasized that no reduction 
m equipment performance tolerances 
would be allowed. These requirements 
include: 

1 . Metering and maintenance of power 
amplifier plate voltage, power amK 

PM vSteS ' “““ (RF) out- 

2 . Observation of tower light condition. 

3. Continuous monitoring of center fre- 


to include more than one station. In keys " When the ground connection is re 
practice, following adoption by the Com- m °ved from an individual channel In 
mission of regulations authorizing remote operation of tlie appropriate dial, rest* 

control on a permanent basis, two remote push button ° r control key, cathode fol 
stations are being operated from a single * ower output is fed to the mixer stage a:i< 
control point and work is in progress to a “P llfied - The amplifier output t? 
incorporate two additional remote sta- bridgedto the audio input terminals of tin 
tions into the system. control station FM broadcast transmi I ter 

The broadcasting operations of Rural The tone level is adjusted to modulate the 
Radio Network depend on the retransmis- carrier about 6 per cent, which corro¬ 

sion of the programs received from ad- s P°n d s to a level approximately 2 G decibel* 
jacent stations. Consequently no wire below 10 °-per-cent modulation. Levels 
circuits exist between stations. In some ^ or eacb channel are equalized by gain 
areas no wire facilities of any kind are contro J s located ahead of the mixer stage, 
available; therefore consideration was Provision is made for pretransmissiou oh- 
given only to control systems which serv ation of tone levels, 
would be applicable to the radio relay To assist tlle control operator, a slave 
system used for normal broadcasting pur¬ 
poses. The expense of microwave equip. _______ 

ment precluded its use for the remote andAurmi?' b r the aikb Tele- 

control operation. Experience with mul- «■ 

tiplex faesunfie transmission on the net- gSS'mJJLTST 1 2 3 2 S' AI,!K 
work had proved that tones in the ultra- “£ '!» 

sonic range could be applied to the FM e for printin * Member 281 . 108 . 

broadcast transmitters simultaneously is with thc Rura! Network, 

vuth normal program material without de- The magnetic-tan. , k , 

tenoration of program quality. 


An analysis of the functions to be per¬ 
formed showed them to fall into two cate¬ 
gories: 1 . those associated with the 
audio input requirements for normal pro¬ 
gram service for the remote station, spe¬ 
cifically, selection of the proper relay re¬ 
ceiver output and station identification 
announcements, and 2 . those associated 
with the metering of the remote trans¬ 
mitter and the maintenance of operating 
constants by mechanical adjustment. 
The audio input selection function had to 
be independent of and not disturbed by 
interrogation or adjustment operations. 

A dual dial system was chosen as the 
method to perform the job with a mini¬ 
mum of human error. One dial is used t o 
select a specific bank. Dialling within the 
selected bank is performed by a second 
dial. With this system it is possible to 
select the bank assigned to receiver 
switching, using the first bank, make the 
proper receiver selection on the second 
dial; a batik assigned to telemetering can 
then be selected by the first dial and the 
desired telemetering position selected with 
the second dial. 

Standard 10-position stepper relays 
were used. .Six frequencies, equally 
spaced from 19 through 24 ke per second, 
were chosen. Fig. I shows a block dia¬ 
gram of the control equipment. The 
source tones are provided by six continu¬ 
ously running oscillators, the outputs of 
which are isolated from thc keying circuits 
by conventional cathode follower stages. 
The outputs of these stages are non n ally 
grounded through dials, push buttons or 
keys. When the ground connection is re¬ 
moved from an individual channel by 
operation of the appropriatc dial, reset 
push button or control key, cathode fol¬ 
lower output is fed to the mixer stage arid 
amplified. Tlie amplifier output is 
bridged to the audio input terminals of the 
control station FM broadcast transmitter. 
The tone level is adjusted to modulate the 
FM carrier about 6 per cent, which corre¬ 
sponds toa level approximately 2G decibels 
below 100-per-cent modulation. Levels 
for each channel are equalized by gain 
controls located ahead of thc mixer stage. 
Provision is made for pretransmission ob¬ 
servation of tone levels. 

To assist the control operator, a slave 
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Fig. 1. Block diagram of control station tone-generating equipment and 
supervisory control panel 
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unit located at the control position is 
driven by the foregoing equipment. The 
slave is similar in design to the receiving 
equipment at the remote station. This 
unit serves several purposes. Its primary 
function is to operate a visual position 
indicator panel which shows the condition 
of the system at any given moment. 
Failure of any of the control equipment is 0 
readily shown on the panel which ex¬ 
pedites the location of trouble. Network 
operation requires simultaneous receiver 
switching at all points. The slave unit 
stepper performs the receiver selection for 
the control station. 

A block diagram of the remote terminal 
equipment is shown in Fig. 2. A crystal- 
controlled FM receiver tuned to the con¬ 
trol station frequency furnishes program 
material as well as the ultrasonic control 
tones. These tones are separated from 
program material at the discriminator 
output by a high-pass filter connected 
ahead of the conventional 75-microsecond 
de-emphasis network in the receiver. The 
tones are separated from one another by 
selective amplifier stages. The selectivity 
is provided by simple high-Q inductance 
capacitance circuits adjusted to the de¬ 
sired channel frequency. The output of 
each channel amplifier is rectified, and the 
derived positive direct voltage is applied 
as bias to a keyer tube which energizes a 
sensitive plate relay. The contacts of the 
sensitive relays are used to operate 10- 
position stepper relays or control the 
various motor functions. 

One bank, or ten positions are assigned 
to receiver selection and station identi¬ 
fication announcement. Two banks, or 
twenty positions are provided for tele¬ 
metering interrogation and/or control 
functions. In the case of the receiver 
selection bank, automatic reset is incor¬ 
porated. When the tenth stepper posi¬ 
tion is reached, the reset coil for the step¬ 
per is energized and the stepper returns to 


its off position. Simultaneously, a time 
delay circuit is triggered, which initiates 
operation of a magnetic-tape playback 
machine which utilizes an endless tape. 
Station identification announcements are 
recorded on the tape. Conductive paint 
coatings placed at 10-second intervals stop 
the machine automatically through wiper 
contacts. The announcements are spaced 
within the 10-second intervals. Upon 
completion of the interval, the machine is 
in a condition to repeat the cycle. Identi¬ 
cal installations are made at both the re¬ 
mote and control points. To make a sta¬ 
tion identification announcement on both 
stations, it is only necessary to dial a 
zero in the receiver selection bank. The 
announcement is made for each station 
and the stepper is returned to off in prep¬ 
aration for the next receiver selection. 

Since a number of receivers are fed to 
the receiver stepper switch, stepping or 
resetting the bank causes the stepper rotor 
contacts to pass over switch positions to 
which these “live” receiver outputs are 
connected. To avoid bursts of program 
material from undesired sources or the 
completion of feedback loops within the 
network system, electronic muting of the 
transmitter input is performed whenever 
a step or reset coil is energized in the re¬ 
ceiver selection bank. 

The telemetering steppers allow selec¬ 
tion of sampling voltages at the remote 
point. The stepper contacts are inter- 
wired to allow meter observation during 
mechanical adjustment of pertinent con¬ 
trols. For example, power amplifier plate 
current can be observed in two positions 
of the stepper. In one case, this reading 
may be observed while the power am¬ 
plifier plate tank is adjusted. The same 
reading is available while the output 
coupling link is mechanically adjusted. 


diagram of remote terminal equipment 

Only the mechanical adjustment directly 
affecting the meter position dialled can be 
performed. 

The 19- and 20-kc channels respectively 
are used to step and reset the select step¬ 
per. This stepper, as the name implies, is 
used to select the desired bank in which an 
operation is to be performed. The 21 and 
22 kc channels are used to step and reset 
the operate stepper. This stepper per¬ 
forms the desired operation within a 
selected bank and is controlled by a sepa¬ 
rate dial and reset push button. The 23- 
and 24-kc channels are used for motor 
control and on/off purposes and are 
transmitted by operation of a lever type 
key. 

As an example, assume we wish to 
measure power amplifier plate current and 
retune the plate tank of the power am¬ 
plifier stage. Assume the power amplifier 
plate current-plate tank adjust position 
is position 4 in the third bank. We would 
first dial a 3 on the select dial. This 
would transmit three pulses of 19-kc tone 
from the control station superimposed on 
the FM broadcast carrier. These pulses 
would be removed from the FM receiver 
at the remote point and separated as pre¬ 
viously explained. The three pulses of 
19-kc energy would be rectified, advanc¬ 
ing through the keyer tube the select step¬ 
per to its number 3 position. This pre¬ 
sets the third bank for dialling within it. 
On the second dial at the control point, a 
4 is dialled which transmits four pulses of 
21 -kc energy and in a manner similar to 
that just described, advances the stepper 
assigned to the third bank at the remote 
point into position 4. It should be re¬ 
membered that, coincident with these 
stepper operations at the remote point, 
the visual position indicator panel at the 
control point is being keyed by the same 
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signals so that at all times the control 
operator is aware of the operations he has 
performed. 

When the stepper has reached the 
fourth position of the third bank as out¬ 
lined, two circumstances exist as a result 
of niterwiring. First, the telemeter trans¬ 
mitter, details of which follow, is turned 
on and the appropriate sampling voltage 
is applied to it for transmission back to 
the control point and, secondly, circuits 
are completed through interwiring to al¬ 
low motor control of the power amplifier 
plate-tuning control. At the control 
point, the motor control key is thrown 
either to the left or right and the correct 
motor at the remote point will be ener¬ 
gized as long as the key is depressed. 
Power amplifier plate current is observed 
during this tuning period and the desired 
effect can be achieved. 

Telemetering information is returned 
to the control point by superimposition of 
a 30-kc tone on the carrier of the remote 
FM broadcast transmitter in a manner 
identical to that used to transmit the 
tones from the control transmitter. The 
telemeter transmitter consists of an os¬ 
cillator driving a variable gain amplifier. 
The output of the amplifier stage is pro¬ 
portional to the value of sampling voltage 
applied as grid bias to the stage. The 
standard reference voltage used for circuit 
calibration is furnished by a 12-volt 
“hot-shot” battery. Voltages for normal 
operating values are derived from the , 
various sources which are telemetered i 
and are compared to the reference volt- < 
age. Telemeter output level is adjusted 1 
to modulate the remote FM broadcast r 
transmitter 5 per cent when standard r 
reference voltage or normal sampling z 
voltage is applied as bias. n 

. At A* control point the 30-kc voltage 1 
is separated from normal program ma- p 
tjnal at the discriminator output from h 
the General Electric (G-E) BM-l-A sta- SI 
tion monitor. The telemetering voltage 


is removed by filtering and feeding 
through a selective amplifier. The output 
voltage of the selective amplifier is meas- 
ol ured on a conventional broadcast type- 
is VU meter, for which direct-reading scales 

have been prepared to indicate radio-fre- 
te quency output voltage, power amplifier 
plate voltage, power amplifier plate cur- 
t r * nt » and a-c line voltage. In the region 
i- of normal operating values these scales 
1 are greatly expanded. This effect pro- 
e vides closer tolerances at the control point 
3 than are possible at the remote point on 
s standard meter scales. 

; It is of course essential that the control 
* stat ion maintain full control of the re¬ 
mote station under all conditions. To 
assure maintenance of this condition the 

lament circuits of the remote transmitter 

are interlocked with a carrier-operated re¬ 
lay circuit operated by second limiter 
gnd voltage in the FM relay control re¬ 
ceiver. Failure of the control station, the 
control receiver at the remote point, or of 
any of the tubes in the filament control 
circuit automatically removes the remote 
transmitter from the air. In addition, a 
limit control was incorporated which 
operates on variations in field intensity of 
the control station signal at the remote 
point. This control is adjusted to remove 
the remote carrier from the air if, as a re¬ 
sult. of propagation effects, the control 
earner should drop below a prescribed 
level. This avoids the possibility of cap¬ 
ture of the remote transmitter by another 
station operating on the control station 
frequency and whose signal might be re- ] 
ceivable during unusual propagation < 

periods. Discrimination against unde- < 

sired signals is further abetted by the f 
use of a multiwave-length terminated t 

rhombic receiving antenna at the remote r 
point. This antenna was designed for t 
maximum front-to-back ratio rather than d 

maximum forward gain. Over a period of d 
8 months, during periods of extreme a 
propagation variations, no difficulties a 

have been encountered on this score in v 
spite of the. relatively long path involved. m 
In fulfilling Commission requirements 


monitor 

amp 


LOUDSPEAKER 


»- Fig. 4. Electronic switching arrangement for 

:- <wal monitoring of control and remote stations 

s 

r relative to center frequency deviation 
and modulation percentage, it was deemed 
i highly preferable to utilize equipment 

3 which carried Federal Communications 

Commission approval rather than to be- 
: come involved in any system which would 

1 * require Commission type approval be¬ 
fore being acceptable. As a result the 
dual conversion system shown in Fig 3 
was used. 6 ‘ 

The remote station operates on 95.1 
megacycles (me). The G-E BM-l-A sta¬ 
tion monitor used was calibrated for a fre¬ 
quency of 107.7 me, a difference of 12.6 
me. A temperature-controlled crystal 
oscillator operating on this difference fre¬ 
quency is the source for oscillator injec¬ 
tion voltages for the dual conversion. 
Adjacent harmonics, the fourth and fifth, 
are used for injection frequencies. The 
fourth harmonic, 50.4 me, beat against 
the 96.1-me signal frequency in the first 
mixer produces a difference intermediate 
frequency of 44.7 me. This frequency, 
when heterodyned with the fifth harmonic 
of the difference oscillator on 63.0 me, 
produces a sum beat of 107.7 me, the 
frequency for which the G-E approved 
monitor was calibrated. With this sys¬ 
tem, three frequencies are available at 
which considerable amplification can be 
had without interaction; the signal fre¬ 
quency of 95.1 me, the intermediate fre¬ 
quency of 44.7 me and the output 
frequency of 107.7 me. Adequate gain is 
provided to provide the watt or so of 
radio-frequency power required to drive 
the G-E monitor. The monitor provides 
direct-reading values of center frequency 
deviation and modulation percentage. In 
addition, the monitor is used as the source 
at the control from which the telemetering 
voltage is derived and from which aural 
monitoring is fed. 
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the accuracy of the unit depends upon the 
tolerance of the difference-frequency os¬ 
cillator. The frequency of this oscillator 
is checked periodically against WWV 
transmissions, using a secondary stand¬ 
ard for interpolation. In practice, the 
stability of this oscillator is excellent 
enough so that, in view of the plus or 
minus 2,000-cyde-per-second frequency 
tolerance required at the operating fre¬ 
quency, the error in actual transmitter 
frequency indicated by the approved G-E 
monitor is slight. 

The various stations of Rural Radio 
Network carry identical program material 
with the exception of station identification 
announcements. Although it would be 
possible to furnish separate monitoring 
facilities for the control and remote sta¬ 
tion, loss of one station might not be im¬ 
mediately apparent to the operator on 
duty. Deterioration of program quality 
would be masked by the loudspeaker 
signal of the other signal. To make 
readily apparent the loss of or deteriora¬ 
tion of either signal, the automatic moni¬ 
tor-switching method diagrammed in Fig. 

4 was devised. 

A low-frequency blocked grid oscillator 
furnished the switching rate time base. 
The saw-tooth output is shaped and fed to 
a conventional flip-flop circuit. To each 
half of the flip-flop circuit are connected 


clamp keyer tubes. These are sharp-cut- 
off pentodes, the cathode returns of which 
are made through the cathode bias re¬ 
sistors of medium-mu triode audio am¬ 
plifier stages. Constants are such that 
when the clamp tube cathode current is 
maximum, adequate voltage appears 
across the triode audio amplifier cathode 
resistor to cut off this stage completely. 
Consequently, one audio channel is opera¬ 
tive while the other is biased to cut off. 
The outputs of the two channels are 
mixed and fed to a common monitoring 
amplifier and loudspeaker. Thus, al- 
. though the output signal is continuous, it 
is composed of equal segments from each 
station’s program. Loss or deterioration 
of either signal is immediately apparent to 
the control operator. A sampling rate of 
about one sample each 6 seconds is found 
to be satisfactory. 

Although a change in transmitter power 
with a resultant shakedown period inter¬ 
feres with precise analysis of the relia¬ 
bility of the remote control system, such 
an analysis was. made. This was based 
on identical 4-month periods, before and 
after remote operation was installed. A 
percentage of performance figure was ar¬ 
rived at and it showed a reduction of 
0.35 per cent. This period also involves 
the earliest period during which unat¬ 
tended operation was begun and repre¬ 


sents the poorest records on hand. Im¬ 
provements in equipment design and de¬ 
velopment of maintenance techniques 
have constantly improved the reliability 
of the system. 

Difficulty has been experienced with 
intermittent false stepping of the re¬ 
ceiver selection bank, apparently because 
of transients in live speech programs, 
Oddly enough, no trouble of this sort has 
been encountered with musical programs 
where difficulty was anticipated from 
harmonic generation. The difficulty 
seems to be sporadic and is confined to a 
specific program and one individual. Al¬ 
though considerable time has been de¬ 
voted to observation of selective amplifier 
outputs during these programs, to date 
nothing concrete has been isolated. New 
gating circuits are being incorporated to 
eliminate this trouble. A 29-kc tone, am¬ 
plitude-modulated by a 500-cyde signal 
will be transmitted prior to any of the 
operational tones. The gate envelope is 
demodulated and the derived 500-cycle 
signal is used to control the main relay 
supply source. Bench tests indicate that 
this refinement will completely cure the 
trouble. 

- ♦- 
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A Transducer Using a Short-Circuit Rotor 
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Synopsis: An a-c phase-sensitive signal 
generator for use in servo and instrumenta¬ 
tion work is described. The voltage gradi¬ 
ent and zero position are independent of 
linear rotor motions, and the torque and 
magnetic side pull on the rotor are extremely 
small. 


A S CONTROL equipment becomes 
more automatic and accuracy re¬ 
quirements increase, more highly special¬ 
ized position-sensing equipment becomes 
necessary. Electrical position-sensing 
elements can be broadly separated into 
two classifications: position-repeating 
systems, and signal generators. The posi¬ 
tion-repeating systems are comprised of a 
transmitting unit and a remotely located 
receiving unit which are electrically re¬ 
lated so that a rotation of the transmitter 
shaft causes an equal or proportional rota¬ 
tion of the receiver shaft. A large number 


of devices for performing this function are 
described in the literature. 1 

In the signal generator type of position¬ 
sensing element, sometimes referred to as 
apickoff or pickup, angular rotation of the 
input shaft causes a proportionate voltage 
to appear as the output of the device. In 
many applications, the output is used in 
conjunction with electronic equipment, in 
which case it is usually desirable that the 
output be of line frequency and phase- 
sensitive, that is, that the voltage increase 
on either side of a minimum or null volt¬ 
age position and the phase of the output 
shift 180 degrees as the rotor passes 
through this null position. A typical ap¬ 
plication for such a signal generator is in a 
servo system in which the output element 
is a servomotor. The torque produced 
by these motors depends on the ampli¬ 
tude of the signal generator voltage and 
the direction of rotation is determined by 


the phase of the signal voltage. This 
paper describes a signal generator which is 
particularly adapted to instrumentation 
and laboratory application although it is 
not limited to these fields. 

A number of different types of signal 
generators are available which operate on a 
variety of principles. 2 Those most widely 
used are variable reluctance-induction 
devices characterized by a stator which 
carry the windings and a soft iron rotor 
or armature which completes the mag¬ 
netic circuit of the stator. The a-c ex¬ 
citation flux is carried through two 
separate stator magnetic circuits, each 
circuit having an output winding. 
These output windings are connected 
in series opposition so that when the 
rotor is at the null position, equal 
magnitudes of flux pass through each 
of the two output windings and the 
resulting induced voltages add to zero. 

Paper 54-172, recommended by the AIEE Instru¬ 
ments and Measurements Committee and approved 
by the AIEE Committee on Technical Operations 
for presentation at the AIEE Winter General 
Meeting, New York, N. Y„ January 18-22, 1954. 
Manuscript submitted October 14, 1958; made 
available for printing November 27, 1953, . 

V. A. Orlando is with the General Electric Com¬ 
pany, West Lynn, Mass. • 
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SCHEMATIC DIAGRAM 
SIGNAL GENERATOR 


Fig. 1. Diagram showing principle of signal 
generator 


As the rotor is rotated, increasing the re¬ 
luctance of one magnetic circuit and de¬ 
creasing the other, voltages in the two 
output coils become unequal and a net 
output from the signal generator re¬ 
sults. 3 

The signal generator described in this 
paper has a similar stator construction to 
that just described except that the output 
windings are connected series-aiding, and 
no flux passes through the output wind¬ 
ings at null. The rotor, instead of being 
soft iron, is a closed loop of nonmagnetic 
conducting material. This construction 
allows the signal generator to have many 
of the operating characteristics of the 
variable reluctance types mentioned and 
two important additional features: (1). 
the output is practically unaffected by 
linear motions of the rotor, and (2). 
magnetic side pull on the rotor is neg¬ 
ligible even when it is not centered. 

Principle of Operation 

As shown in Fig. 1, the pickoff is com¬ 
prised of a soft-iron laminated stator hav¬ 
ing four salient poles. On each pole is a 
coil having a simple winding. The two 
sets of diametrically opposite coils are 
wound series-aiding. One set, marked E 
acts as the excitation windings; the 
other, marked P, as output windings. A 
short-circuited turn of nonmagnetic con¬ 
ducting material, such as copper, is placed 
so that it links the excitation flux. With 
the rotor in this position the a-c excitation 
flux generates a large circulating current 
in the short-circuited turn. If the plane 
of the short-circuited turn is inclined 
slightly with respect to the axes of the 
output windings, a component of the flux 
generated by the short-circuit currents 
will link the output coils and an output 
voltage will result. Since, for small 


angles, the component of flux linking the 
pickoff coils is proportional to the angle 
through which the short-circuited turn 
rotates, the output is linear with angle. 
The output is phase-sensitive since the 
direction in which the flux passes through 
the output windings depends on the side 
of null from which the short-drcuited turn 
is rotated. 

If the short-circuited turn were rotated 
90 degrees so that it linked no excitation 
flux, no circulating current would be gen¬ 
erated in it. This is a second null position 
of the signal generator. If the short-cir¬ 
cuited turn is rotated slightly from this 
position, a component of exdtation flux 
will pass through it and a small circulating 
current will flow. This short-circuit 
current constitutes ampere-turns about 
the output coils. The result is that 
similar gradients, i.e., the derivative of 
output voltage with respect to angular 
position, are obtained about any of the 
four 90-degree null positions. 

In instrumentation and other predse 
work it is often necessary that the torque 
exerted on the rotor of the pickoff be very 
small. In this signal generator the torque 
is zero at the null position but increases 
slightly with rotation. From funda¬ 
mental considerations it can be shown 
that the rotor tends to turn so that no 
flux links it. In the null position where 
the short-drcuited turn rotor links all the 
exdtation flux, the rotor is in a position of 
unstable equilibrium since it tends to 
rotate to one of the null positions 90 de¬ 
grees away. This results in what may be 
termed a negative spring torque, for, as 
the rotor angle increases from null, the 
torque on it increases tending to move it 
away from this null position. However, 
in the second null position where the ex¬ 
dtation flux does not link the short-dr¬ 
cuited turn, the torque can be termed a 
positive spring torque, since moving it 
from the null position increases the 
torque, tending to return it to this null 
position. In practice it is found that the 
torque gradient through the unstable null 
position is very small compared to the 
torque gradient through the stable null 
position. This is the reason for usually 
choosing to operate about the unstable 
null position. 

From the prindple of operation and 
from geometric considerations, it can be 
seen that moving the short-drcuited turn 
rotor axially or in any radial direction will 
induce negligible voltages in the output 
winding when the rotor is at the null an¬ 
gular position. Similarly, geometric rela¬ 
tionships are such that the voltage and 
voltage gradient are relatively independ¬ 
ent of small linear motions of the rotor. 


t>=. 



Fig. 2. Phase-angle diagram of signal 
generator 

F 0 = output voltage 
Ee/le — excitation voltage and current 
Egjls^voltage and current induced in rotor 
R 0 ,X e = excitation winding resistance and 
reactance 

Rb,X 8 = rotor resistance and reactance 
Z m =mutual impedance, rotor and stator 


Mathematical analysis is not conveni¬ 
ently used to calculate the output of this 
signal generator because the air gaps are 
large and it is difficult to calculate the im¬ 
pedance of the short-circuit rotor. How¬ 
ever, it has been found of great value to 
examine mathematical relationships be¬ 
cause they give an accurate picture of the 
interactions involved between parameters 
and they relate and extend the usefulness 
of experimental data. Based on simple 
coupled circuit theory, the output of the 
signal generator may be written 

i&WesMso . <oL* 

et>— — f — Arctan —— 
■VR^+^Ls 2 

where 

eo=signal generator output 
ie= excitation current 
<*> = excitation angular frequency 
Mes— mutual coupling, excitation windings 
to rotor 

Mso —mutual coupling, rotor to output 
windings 

Rs, Ls =rotor resistance and inductance 

From this relationship it is apparent 
that the output varies with frequency to a 
power between the first and second. It is 
also evident that the output phase angle 
is equal to the negative phase angle of the 
rotor impedance. 

The mutual coupling terms are highly 
significant. One term, depending upon 
which null position is used, is very nearly 
constant with output, but the variation of 
the other with rotor angle determines the 
output of the signal generator. It can be 
shown that this mutual term changes sign 
as the rotor passes through the null posi- 


132 


Orlando—A Transducer Using a Short-Circuit Rotor 


May 1954 




tion, and increases until the rotor angle 
exceeds half the angle whose cord is equal 
to a stator pole width. Beyond this angle 
the magnitude of the mutual term tends 
to remain constant except for the rather 
large effect of the flux leakages involved. 
The phase-angle diagram shown in Fig. 2 
relates the significant voltages and cur¬ 
rents. 

Description of Components 

A practical embodiment of the prin¬ 
ciple described here is shown in Fig. 3. 
This form of the signal generator is com¬ 
prised of stator, rotor, and null adjuster, 
aU of which are important in increasing 
the ratio of the output voltage gradient to 
null voltage. Since this ratio is a basic 
measure of merit for a signal generator, 
the means of increasing it are of impor¬ 
tance. 

When optimum performance is required, 
a null adjuster is used. In Fig. 3 it is shown 
as a nearly circular laminated-iron as¬ 
sembly centrally located in the gap of the 
4-pole stator. It can be rotated with re¬ 
spect to the poles for adjustment pur¬ 
poses, and thereafter is mechanically 
fixed to the stator. It has two important 
functions; the first is to increase the out¬ 
put gradient by reducing the reluctance 
of the flux paths, the second is to reduce 
the null voltage. Without a null ad¬ 
juster, the null voltage of the pickoff 
is not a minimum because of nonhomo¬ 
geneity in Hie material and nonsyminetry 
in the construction of a stator. By mak¬ 
ing the null adjuster slightly asymmetric, 
rotating it will generate a component of 



Fig. 3. Signal generator with short-circuited 
tum rotor. Rotor removed from stator 



Fig. 4. Performance curve, signal generator 


voltage in the output winding. This 
component of voltage can be adjusted 
to reduce the voltage at the null position. 
The voltage induced in the output wind¬ 
ings by the rotor circulating current is out 
of phase with the component of voltage 
controlled by the null adjuster and also 
probably out of phase with the original 
null voltage. By alternately adjusting 
the null adjuster and rotor, the resulting 
null voltage can be made very small and 
the fundamental excitation frequency can 
be eliminated from it. The remaining 
null voltage is comprised of third and 
higher odd harmonics of the excitation 
frequency and is primarily the result of 
nonlinearity of the magnetization curve 
and nonuniformities of the iron in the 
circuit. 

Rotors of various shapes and materials 
have been used satisfactorily. A simple 
shape is merely a closed loop of material 
as shown in Fig. 1, or even simpler, a flat 
strip or slab. The rotor construction 
shown in Fig. 3 allows the use of a simple 
but effectively shaped null adjuster. Any 
nonmagnetic, conducting material can be 
used for the rotor. However, the maxi¬ 
mum ratio of signal gradient to null volt¬ 
age is obtained when a high-conductivity 
material is used. When extremely low 
torques are required a low-conductivity 
material should be used. A material 
having a low thermal coefficient of re¬ 
sistance may be used to minimize the 
variations caused by changes in tempera¬ 
ture. 

Performance Characteristics 

The characteristics reported here are 
for typical signal generators that have 


rotors of high conductivity aluminum. 
Al uminum was used because it was de¬ 
sired that the rotors be of light weight. 
One side of both the excitation and output 
windings was grounded to the stator to 
reduce stray pickup. The output was 
measured on a 0.5-megohm vacuum tube 
voltmeter. The excitation power was 
supplied by an audio oscillator at 26 
volts, 400 cycles, unless otherwise stated. 
Each unit consumed about 0.40 watt of 
power. 

The calibration curve shown in Fig. 4 
has a gradient of 0.628 volt per degree 
and a null voltage of 0.0025 volt, and is 
linear for ±10 degrees from null. By 
increasing the excitation current to pro¬ 
duce a gradient of 1.0 volt per degree, 
some units maintained a null voltage of 
less than 0.003 volt. 

Varying the excitation current ± 10 per 
cent varied the gradient by ± 10 per cent. 
A ± 10-per-cent variation of frequency 
with constant excitation current varied 
the gradient ± 17.0 per cent. A ± 10-per¬ 
cent variation of frequency with constant 
excitation voltage varied the gradient by 
± 10 per cent. 

The variations in gradient with tem¬ 
perature using the gradient at 25 degrees 
centigrade (C) as a reference, keeping the 
frequency and current constant were 

+ 19.6 per cent at —70 C 
+ 10.4 per cent at —30 C 
— 10.7 per cent at 98 C 

Dining all these tests the angular position 
at which the null voltage occurred did not 
vary more than the test equipment sen¬ 
sitivity estimated to be 0.003 degree. 
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Fig. 5. Angular shift in null position with 
radial rotor motion 

Arrows indicate directions of rotor displace¬ 
ment 
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Fig. 6. Rotor reaction torque 


Shifts of the null position with linear mo¬ 
tion of the rotor are shown in Fig. 5. It is 
very likely that the variations could be 
decreased if unusual care were used in 
machining the rotor for flatness and sym¬ 
metry. The change in gradient with 
linear shifts of the rotor over a ±0.015- 
inch distance was negligible. 

The rotor reaction torque is shown in 
Fig. 6. The sketches below the curve in¬ 
dicate the rotor null positions about which 
the measurements were made. 

The phase angle between the excitation 
voltage, the excitation current, and the 
output voltage were very nearly constant 
with output. The values of these angles 
for the units tested are shown in Fig. 2. 

Comparison with a Variable 
Reluctance Signal Generator 

To choose the proper signal generator 
for a given application, it is of value to list 


the principle advantages of the reluctance 
type and the short-circuited-turn type de¬ 
scribed i n this paper. The short-drcuited- 
tum unit has the following advantages 
over a variable reluctance unit of com¬ 
parable design: 

1. The output is relatively unaffected by 
linear motion of the rotor. 

2. Negligible magnetic forces are exerted 
on the rotor. 

3. The unit is easily mounted since it is 
relatively insensitive to mounting stress. 

4. The components are easier to construct 
and assemble. 

5. There is less reaction torque exerted on 
the rotor. 

The advantages of the variable reluctance 
units are: 

1. They are less affected by temperature. 

2. They are less affected by frequency vari¬ 
ation of excitation source. 

3. Linear output is over a wider range. 

4. A null adjuster is not required. 

5. There is inherently higher signal gradi¬ 
ent. 

Special Applications 

The stator and coil assembly of the 
signal generator described has many ap¬ 
plications in a laboratory other than in the 
particular embodiment described here. 
For merely measuring the angular rota¬ 
tion of a shaft, it is not necessary to use a 
null adjuster with the stator assembly un¬ 
less high gradient and a low null are re¬ 
quired. The fact that the rotor can be 
made of any nonmagnetic conducting ma¬ 
terial in almost any shape allows wide 
latitude in improvising a rotor for special 
applications. 

If a signal proportional to linear mo¬ 
tions is required, a flat strip of nonmag¬ 
netic conducting material twisted in the 
form of a helix can be used as the rotor. 


This arrangement is of course sensitive to 
both rotory and linear axial motions of the 
rotor. 

Occasionally, it is desirable to produce 
controllable torques of small magnitudes. 
By exciting both the excitation and out¬ 
put winding, a small torque can be pro¬ 
duced on the short-circuited rotor. The 
torque is generated in a manner similar to 
that in a 2-phase servomotor, and similar 
controlling arrangements can be used. 

Conclusion 

The signal generator described in this 
paper has features which allow it to be in¬ 
corporated in highly sensitive, accurate 
devices without requiring the components 
to be unusually accurately machined or 
aligned. It is very versatile in application 
and fulfills most of the requirements of 
more familiar signal generators. Al¬ 
though it is expected that it will find wid¬ 
est application in the field of instrumenta¬ 
tion, it can be used in most electrical con¬ 
trol systems which require a null type of 
sensing device. To obtain full advantages 
of the signal generator it is desirable to 
make it an integral part of the associated 
equipment. 
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For Ultrahigh-Frequency Television 
Broadcasting 
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I N designing any high-frequency device 
which is to have relatively uniform 
characteristics over a band of frequencies, 
one of the prime considerations for easing 
the severity of design compromises is to 
choose a basic configuration inherently 
suited to maintaining the reactive ener¬ 
gies of the system low compared with the 
energy flow per cycle through the device. 
Such a smooth flow through the system 
can be approached by maintaining the 
impedances throughout the system re¬ 
sistive over the desired performance fre¬ 
quency band. This in turn dictates the 
avoidance of resonant components since 
such resonant elements tend to introduce 
high reactance slopes into the system 
impedances requiring careful compensa¬ 
tion in the design. The case of the uniform 
transmission line with distributed con¬ 
stants properly arranged so as to minimize 
reflections is perhaps the ideal example 
of such a system. 

In the design of a radiating system 
which will have uniform gain at all azi¬ 
muths and achieve this gain by concen¬ 
tration of the radiated energy within a 
relatively small angle in the vertical 
plane, it becomes necessary to illuminate 
a cylindrical vertical aperture by multiple 
sources of coherent phase at a given azi¬ 
muth, while maintaining the variation of 
illumination of the radiating aperture at a 
minimum with respect to azimuth. It is 
desirable, moreover, to achieve this il¬ 
lumination of the vertical aperture in such 
a way as to require, if possible, a mini¬ 
mum number of feed points with the 
necessary matching and power dividing 
networks with attendant complications 
of circuitry. 

The design of television broadcasting 
antennas for service in the ultrahigh-fre- 
quency band has as its basis both of the 
design objectives mentioned. Conse¬ 
quently, it is natural to explore possible 
configurations which might be contrived 
to maintai n mechanical simplicity while 
achieving such an illumination of aper¬ 
ture, and while maintaining freedom from 
reactive storages. Examination of the 
configuration indicated in Fig. 1, consisting 


of two oppositely wound helices disposed 
concentrically about a conducting cylinder 
as shown, and fed by a source connected 
between their co mm on junction and the 
cylinder, will show the desired properties. 
The helix diameter is chosen so that the 
currents in all conductors are in phase at a 
given azimuth, and the cylinder diameter 
is chosen so that the radiation of energy 
per turn is sufficiently large that the re¬ 
flected waves from the ends of the helices 
are minimiz ed, but is not chosen so large 
as to ineffectively illuminate the aperture 
required for the desired concentration in 
the vertical plane. 

In such a configuration each helix and 
its associated conducting cylinder may be 
considered much the same in nature as a 
single wire transmission line using the 
cylindrical surface as the return path. As 
is well known, such a line tends to radiate 
energy in increasing amounts as the 
spacing between conductor and return 
surface is increased. Hence the relative 
diameter of the helix and the cylinder 
constitute an effective control on the 
radiation of energy per turn. This spac¬ 
ing can be used to accomplish a proper 
balance between degree of aperture il¬ 
lumination and standing wave ratio pres¬ 
ent on the helix. By choice of the helix 
diameter so that one turn of the helix 
constitutes a length equal to an integral 
number of wave lengths, the currents in 
all conductors of the antenna possess a 
coherent phase relationship at a given 
azimuth, and consequently radiate as a 
broadside array to concentrate the radia¬ 
tion in a vertical plane. 
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In the choice of methods of illumination 
of an aperture of coherent phase if a uni¬ 
form intensity of illumination over the 
aperture is chosen, a highly concentrated 
ma in beam of radiation is secured but 
with relatively high side-lobe levels. On 
the other hand, a tapered illumination of 
the aperture gives a somewhat wider main 
beam width for a given physical aperture 
and achieves a reduction of side-lobe 
number and level compared with the uni¬ 
formly illuminated case. For the an¬ 
tenna bay configuration shown, the il¬ 
lumination along the vertical direction 
will be tapered due to a decrease in cur¬ 
rent along the helices, giving a good sup¬ 
pression of side lobes. The stacking 
factor of several such bays placed in a ver¬ 
tical tier enables the designer to achieve 
further narrowing and shaping of the 
mqrn beam to give the required gain for a 
multiple-bay array. An adjustment of 
radiation per turn which results in a 20- 
dedbel attenuation due to radiation be¬ 
tween the feed point and the helix ends, 
for example, even with complete re¬ 
flections, yields a reflection coefficient of 
1/100 back at the drive point, and hence 
gives a resistive driving point imped¬ 
ance characteristic which;‘is essentially 





Fig. 1. Winding arrangement of tingle bay 
side firing antenna composed of concentrically 
disposed helical conductor and conducting 
cylinder 
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that of a travelling wave device having 
uniform characteristics over a relatively 
broad frequency band. 

Uniform azimuth radiation requires 
that the reflected wave on the helix be 
kept within limits, because a reflected 
travelling wave proceeding around the 
helix in the reverse direction gives rise 
to a resultant scalloped azimuth pattern 
having a number of lobes twice that of the 
number of wave lengths per turn. Fur¬ 
thermore, the decrease in current mag¬ 
nitude of the main wave along the helix 
per turn must not be too large or an ec¬ 
centric azimuth pattern for single bays 
will result due to this taper. Multiple- 
bay arrays can minimize the eccentricity 
by feed points displaced in azimuth by 
integral numbers of electric wave lengths. 
The effects of reverse currents in the 
helices due to reflections can be mini¬ 
mized as far as disturbance of azimuth 
uniformity of the main beam by making 
one-half of the helical bay longer than the 
other by 1/4 electric wave length. If the 
attenuation of the helix currents is of the 
order of 20 decibels, the power associated 
with the reflected wave is only 1 per cent; 
consequently, although the assymmetric 
termination of the two halves of the bay 
causes this reflected wave to dissipate 
itself in radiation at vertical angles cor¬ 
responding to those of the nulls of the 
vertical pattern of the main forward 
going waves on the helix, the amount of 
power so lost is negligible. This achieves 
the elimination of any undesired assym- 
metry in the main beam azimuth pattern 


Fig. 2 (above). 
Measured vertical 
pattern, on a power 
basis, of 5-bay an¬ 
tenna without spe¬ 
cial phasing for null 
All-in or beam tilt 


Fig. 3 (right). As¬ 
sembled 5-bay heli¬ 
cal antenna 


and modifies slightly the nulls in the 
vertical pattern by radiating the re¬ 
flected energy in these directions. Sup¬ 
porting insulators for the spacing of the 
helix from the center cylinder or sup¬ 
porting mast introduce certain discon¬ 
tinuities which, though small, would tend 
to give rise to slight standing waves on the 
helices and result in a nonuniform azi¬ 
muth pattern. These discontinuities are 
readily compensated by the spacing of 
consecutive supports at odd multiples of 
1/4 wave length or by relative skewing of 
the support points on the upper and lower 
halves of the bay, just as in the case of re¬ 
sidual end reflection elimination, by 1/4 
wave length. 

The accurate control of the elevation of 
maximum radiation of the main beam 
within a few degrees can be readily 
achieved by control of the phase of the 


drive points of several bays stacked in a 
vertical tier. Uniform phase advance of 
the drive points of each succeeding bay 
causes a downward tip of the beam. 
With the feed of each bay being made 
coaxially through the mast this can be 
readily achieved by rotation of the drive 
points in azimuth without disturbing the 
impedance relationships between the 
feeds. When as many as five feed points 
are so arranged, several degrees of main 
beam tilt can be achieved with inappre¬ 
ciable beam breakup. In antenna designs 
with only two such phase control points, 
a beam tilt of a single degree begins to re¬ 
sult in noticeable deterioration of the 
main beam. Although it is not necessary 
for the beam tilts usually desired, it is 
possible to secure even larger beam tilts 
without beam breakup by the use of 
multiple-bay stacking factors as de¬ 
scribed, and by adjusting of the turn 
lengths of the individual bay helices so as 
to cause the beam center of the individual 
bays to have a corresponding depression 
angle. This can be readily accomplished 
by decreasing the helix diameter in the 
upper half of each bay and increasing its 
diameter on the lower half of each bay to 
set up the desired phase advance pro¬ 
gressively from the top to the bottom of 
each bay. 

In order to achieve sufficient mechani¬ 
cal stiffness to warrant a relatively high 
concentration in the vertical plane with 
its attendant high gain (a beam width of 
2 degrees at half power points being en¬ 
countered for power gains of 25), it is 
usually necessary to have a cylindrical 
supporting mast sufficiently large in diam¬ 
eter so that it is impossible to use a 
helix with a single wave length per turn. 
For this reason multiple wave-length 
turns are normally employed. On the 
other hand, use of a large number of wave 
lengths per turn results in unnecessarily 
large diameters with their attendant 
mechanical disadvantages. Since the 
turns of each half of one bay are fed in 
series with one another, increasing the 
number of wave lengths per turn also 
causes progressive deterioration of the 
phase coherence of the turns with incre¬ 
mental frequency departure from the 
center-design frequency, and hence nar¬ 
rows the frequency range over which the 
antenna will retain its beaming gain 
characteristics. For these reasons a 
choice is normally made in favor of 
helices having a turn length of 2 wave 
lengths. The choice of pitch of the helix 
is then dictated by a compromise be¬ 
tween a desire for a small pitch to reduce 
the crosspolarization components of radi¬ 
ation from the helix, and a desire for a 
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large pitch to reduce the number of turns 
utilized in illuminating a given aperture. 
The latter is desirable since a large num¬ 
ber of turns fed in series gives rise to nar¬ 
rowing of the beaming bandwidth due to 
deterioration of phase coherence at other 
than the design frequency. If one chooses 
a pitch of 1/2 wave length for a turn 
length of 2 wave lengths, the pitch angle 
is of the order of 15 degrees. This tends 
to reduce the cross-polarized components 
of radiation from elemental lengths of the 
helix in directions normal to its axis to 
small values. The winding of the two 
halves of each bay in the opposite sense, 
moreover, causes the cross-polarized fields 
at the elevation of the desired beam maxi¬ 
mum of each bay to be essentially can¬ 
celled. The cross-polarized fields tend to 
be a maximum at the elevation of the 
minimums of the individual bay radiation 
patterns, but due to the small pitch angle 
and the loss of phase coherence between 
radiation from the individual turns at 
these angles, the energy so radiated has 
been shown by measurement to be of the 
order of 6 per cent of the total energy 
radiated. 

A choice of a pitch of 1/2 wave length 
is such, moreover, that if the helix to mast 
spacing is of the order of 1/10 wave 
length (an appropriate spacing for single 
bays having a gain of 10 per bay), the 
mutual impedance between turns is neg¬ 
ligible with respect to the self-impedances 
of the line. Under these conditions, ve¬ 
locity corresponding to that in the ap¬ 
propriate dielectric media is obtained. 
Choice of smaller power gain per bay re¬ 
quires wider mast to helix spacing for 
proper attenuation, and the effects of the 
mutual impedances between turns may 
modify the required helix turn length by 
slight modification of the phase velocity 
along the helix. 

A further control of the vertical radia¬ 
tion pattern of an array is sometimes de¬ 
sired in order not only to depress the main 
beam by a specified angle below the hori¬ 
zon but also to insure that coverage holes 
do not occur close in to the transmitting 
tower due to the presence of severe nulls. 
Reduction of the severity of the nulls of a 
pattern cau be achieved in an array by 
disturbing the uniformity of the phasing 
of the coherent sources or by alteration 
of the systematic illumination of the ver¬ 
tical aperture. In the case of the helical 
multibay system described, after the de¬ 
pression of the main bay is achieved by 
progressive azimuth rotation of the feeds 
to secure phase advance of the upper bays, 
a single bay can be advanced or retarded 
with respect to the phase system of the 
group by, for example, 30 degrees. At an 
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elevation then which would have been an 
absolute null in a 5-bay stacked antenna, 
the five components of the stacking factor 
phasors do not add to zero, but approxi¬ 
mately to that of the contribution one 
bay multiplied by the sine of 30 degrees. 
This gives a field at the nulls which is ap¬ 
proximately one-tenth that on the main 
beam, or 20 decibels down, as a mini¬ 
mum. This phasing is readily achieved 
by bay rotation without disturbance of 
the impedance conditions of the array, 
which would result if an attempt were 
made to alter the power division between 
the vertical elements of the array in order 
to modify the illumination distribution. 
The phasing adjustment is susceptible to 
modification to meet conditions encoun¬ 
tered in the field. 

The actual design compromise between 
a large number of bays and feed points on 
the one hand, and a single bay capable of 
the desired over-all gain with a single 
feed, depends largely on the required 
bandwidth to be achieved in a given de¬ 
sign. Also to be considered is the re¬ 
quired uniformity of gain to be achieved 
over a channel group using the discreet 
mast sizes available to the manufacturer. 
If the limiting case of attempting to 
achieve all the required gain in a single bay 
is examined, it is found that for a gain of 
perhaps 25 using a helix having a turn 
length of 2 wave lengths and a pitch of 
1/2 wave length, there will be a length of 
helix between feed and termination of 
50 wave lengths. It does not take a large 
increment of frequency relative to the 
design center on such a device to cause 
rapid deterioration of phase coherence 
along the helix resulting in beam breakup. 
It would not be possible to secure the re¬ 
quired 6 megacycles bandwidth even in 
the ultrahigh-frequency band. Further¬ 


more, in such an extreme case thermal 
elongation of the helices over the normal 
operating temperature range might 
change the design center by as much as 
one full channel. In order to achieve a 
practical bandwidth, then, with enough 
spare to absorb thermal elongations with¬ 
out adverse effects, a compromise is made 
to increase the number of feeds from one 
to five. This not only solves the beaming 
bandwidth problem but also makes avail¬ 
able a stacking factor due to multiple 
bays for beam tilt and shaping. 

A plot of experimental data on a 5-bay 
helical design having a power gain of 25 
relative to a dipole is shown in Fig. 2. 
The data shown are for a stacking ar¬ 
rangement involving no beam tilt or null 
fill-in phasing. 

A choice of the gain per bay then which 
in effect divides the feeding system into 
five feeds in parallel, each of which in 
turn consists of a pair of five vertically 
stacked turns in series, also achieves a 
greater uniformity of gain between a 
group of various diameter helices de¬ 
signed for various channels but using a 
common mast diameter such as is usually 
available only in discrete sizes. The use 
of an extremely large number of turns per 
bay requires a very dose spacing between 
mast and helix in terms of wave lengths so 
that the radiation per turn can be kept 
low enough to secure full illumination of 
the bay. As the helix diameter is altered 
to achieve turn length for other channels 
in the same channel group, a large per¬ 
centage change occurs in this spacing, and 
hence in the illumination of the bay, with 
a consequent variation of the gain be¬ 
tween designs for various channels based 
on that mast size. The use of a more 
moderate number of turns per bay results 
in a greater spadng between helix and 
mast for proper radiation per turn. Con¬ 
sequently, a given helix diameter change 
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to accommodate other channels does not 
result in such a large proportionate change 
in the spacing to the mast, and hence 
does not result in as great a change in the 
illumination of the bay and change in 
gain of the bay. This means that a 
greater number of channel bay designs 
can be accomodated with a given mast 
size with tolerable variation in gain be¬ 
tween specific designs. 

In the practical construction of such a 
multibay array the mast itself may be 
used as the outer conductor of a coaxial 
line for feeding the individual bays. Ad¬ 
justable coupling and compensating re¬ 
actance is provided at each bay feed 
point and slug transformers are utilized 
to secure proper power division between 


bays and the reduction of reactive stor¬ 
ages internal to the mast. Series isolation 
of the various feed points is provided so 
that power frequency deicing currents 
can be passed through the combined hel¬ 
ices of a multibay array connected to¬ 
gether in series. Lighting wiring for 
beacons may be passed up through the 
inside of the inner conductor. Fig. 3 
shows such an antenna temporarily sup¬ 
ported for photographic purposes by a 
rigging at its upper end. In actual in¬ 
stallation rigging, use is made of the sup¬ 
porting lug visible at the lower end of the 
second bay from the top. 

. The whole device operates at a rela¬ 
tively low impedance level throughout 
with the consequent freedom from the 
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precautions necessary in devices con¬ 
taining the voltage and current concen¬ 
trations inherent in systems with high 
reactive energy storages. A plot of the 
measured voltage standing wave ratio at 
the drive point of a 5-bay channel 61 an¬ 
tenna is shown in Fig. 4. It therefore 
comes very dose to being a truly travel¬ 
ling wave device making the mode trans¬ 
formation from a coaxial line to the form 
of cylindrical waves in space without re¬ 
sort to a resonant system at any point. 
It appears to have suffident promise even 
to extend its use down into the very-high- 
frequency television and frequency-modu¬ 
lated regions where its simple configura¬ 
tion may be adaptable to multiple an¬ 
tenna installations upon a single mast. 


Sheet and Plated-Metal Measurements 
with a Phase-Angle-Type Probe 


W. A. VATES 

NONMEMBER AIEE 

Synopsis: The basic operating principles 
and design data for an instrument to meas¬ 
ure metal thickness or plating depth for 
nonferrous materials are described. The 
mode of operation, involving the measure¬ 
ment of a phase angle, permits the use of a 
noncontacting probe suitable for the con¬ 
tinuous inspection of samples in motion. 

I N THE course of the design of a plat¬ 
ing-thickness indicator for a particular 


J. L. QUEEN 

NONMEMBER AIEE 

quency for metal samples of infinite area 
and thickness. Next the case of thin 
metal plates will be considered, and then 
the case of one metal plated upon an¬ 
other. 

Phase-Angle Probe 

The basic assumption upon which the 
plating-thickness indicator was designed 


is that, as far as influence upon a mutual- 
inductance transducer is concerned, a 
nonmagnetic metal plate may be re¬ 
placed by an equivalent coil, Lp, shunted 
by an equivalent resistance Rp. The 
equivalent plate impedance Rp+jcoLp is 
primarily a function of the transducer co¬ 
efficients, the excitation frequency, and 
the plate dimensions and resistivity. For 
a given transducer and frequency, the 
equivalent impedance of a plate of suf¬ 
ficient area will be a function of its thick¬ 
ness and resistivity. For constant re¬ 
sistivity the impedance becomes a func¬ 
tion of thickness only, so that thickness of 
a known plate may be obtained from 
measurement of the plate impedance am¬ 
plitude or phase angle alone, assuming 
they are monotonic functions of thick¬ 
ness. 


type of sample, an operating principle be¬ 
lieved to be novel was developed. It is 
the object of this article to explain the 
basic phenomenon upon which the instru¬ 
ment was designed and to make available 
the information obtained as the develop¬ 
ment progressed. 

The first step in the presentation of 
this material will be the indication of a 
method of measuring a phase angle as¬ 
sociated with a metal plate. Then curves 
will be presented indicating how this 
angle is related to resistivity and fre- 


Faper 54-173, recommended by the AIEE Instru¬ 
ments and Measurements Committee and ap¬ 
proved by the AIEE Committee on Technical Oper¬ 
ations for presentation at the AIEE Winter General 
Meeting, New York, N. Y., January 18-22 1964 
Manuscript submitted May 29, 1953; made avail¬ 
able for printing December 9, 1953. 


W. A. Yates and J. L. Queen are with the Nai 
Bureau of Standards, Washington, D. C. 



Fig. 1. Circuit for measuring phase angle of metal plate 
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A phase-angle measurement has one 
distinct advantage, insensitivity to trans- 
ducer-to -metal spacing. This advantage 
is realized by use of the phase-angle 
probe, shown in Fig. 1, which is a com¬ 
bination of a mutual-inductance trans¬ 
ducer and a compensating transformer so 
arranged as to give two output voltages, 
V 0 and V e , whose phase difference is the 
complement of the plate impedance phase 
angle. With the plate removed from the 
area of influence of the transducer, M c is 
made equal to M n by adjusting it for a 
null at Fo, so that with the plate in prox¬ 
imity 

F 0 => V c + Fi- -JuMJe +( +joM ala + 

jctiMipIp) iplp 

Since 

IpZ p +ju>( -\-Mi p )Ie “0 


pling and primary excitation. Fig. 2 is a 
phasor diagram of the voltages and cur¬ 
rents of the phase-angle probe. 

Probe Balancing 

Phase-angle measurements on non¬ 
magnetic metal plates with the circuit of 
Fig. 1 indicated that replacement of a 
plate by an equivalent coil and resistor 
was valid only to a first-order approxima¬ 
tion, and that the probe-to-plate spacing 
had a second-order effect in the determi¬ 
nation of the phase angle. However, be¬ 
cause of the manner in which the phase 
angle varies with probe-to-surface sepa¬ 
ration, a major part of the variation can be 
compensated for by an appropriate un¬ 
balance between Me and Mu. The 
necessary amount of unbalance may best 
be determined by changing the probe-to- 


surface spacing while adjusting Mt to 
give a minimum deviation in phase-angle 
reading. This method of probe alignment 
is referred to as dynamic balancing. 

Fig. 3 shows curves of phase angle 
versus probe-to-surface spacing for stain¬ 
less steel and copper, using both null and 
dynamic balancing, and indicates the im¬ 
provement obtained by dynamic balanc¬ 
ing in each case. 

Fig. 4 is a phasor diagram of Vo[Od for a 
stainless-steel sample showing why the 
improvement is obtained. From this 
diagram it can be seen that although the. 
magnitude and phase angle of Fo de¬ 
crease as the probe-to-surface spacing is; 
increased, the locus of the end point of the 
phasor is essentially a straight line AB. 
By extending AB until it intersects the 
V c phasor, a quantity OC /_0 ° is obtained 
such that Vo-OC has a phase angle 6 
which is independent of probe-to-surface 
spacing. The dynamic-balancing process 
is a practical way of obtaining this con¬ 
dition. From null balance it is necessary 
to reduce M c by the ratio of OC to V c to 
obtain a dynamic balance. For the 
262-mil stainless-steel sample of Fig. 4 
this reduction amounted to 4 per cent. 
The amount of compensation is to some 
extent dependent on the phase-angle 
magnitude so that a compromise must be 
maHp when readings are desired on metals 
covering wide ranges of resistivity and 
thickness. 

Empirical Equation for Phase Angle 
of Metals in Limited Range of 
Resistivity and Thickness 

To determine the manner in which the 
phase angle depends on frequency, re¬ 
sistivity, and thickness, a number of meas¬ 
urements were made on samples ranging 
from copper to mercury (1.7 to 96 mi- 


jaMipIs 




or using 

Mip^Kiy/LiLp, Mtp=Ki\/LiLp, 

m c =Mu-kVU> 

Fo-F^^cosfljl* 

where 

Rp v , <*L V 
(9=arc tan-— -arc tan —- 

6 )Lp It Up 

That is, the phase difference of the two 
output voltages is equal to the comple¬ 
ment of the plate-impedance angle and 
independent of the probe-to-plate cou- 


Fig. 3. Phase angle 
versus probe-to-sur- 
face separation for 
copper and stainless 
steel at 25 Vc 
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LOCUS OF (VoUe FOR 
DYNAMIC BALANCE 
If 


SCALE 2" *0.1 VOLT 


+jU>M c l c «|.32 VOLTS 


r ^^d»50 




- V C , ‘~i ujM C lE a 1-32 VOLTS 


crohm-centimeters resistivity) using the 
circuit of Fig. 1. The exciter consisted of 
an HP 200- C oscillator driving a Mc¬ 
Intosh 50-W-2 amplifier. The phase 
meter was one specifically designed for 
the plating-thickness indicator, and was 
calibrated for the desired frequency and 
input amplitude ranges. The readings 
were obtained with an accuracy of better 
than 6 per cent. The mutual-inductance 
transducer was wound on a 1/4-inch diam¬ 
eter Stackpole core of grade S-49 pow¬ 
dered iron. The primary was 60 turns of 
no. 30 wire; the secondary 275 turns of 
no. 38 wire. The length of winding was 
0.2 inch, and was located at the end of the 
core. The compensating transformer was 
similarly wound but with a 250-tum 
secondary. Variation of M e was accom¬ 
plished by adjusting a second piece of 
powdered iron in proximity to the com¬ 
pensating transformer. All measure¬ 
ments were made with the transducer in 
physical contact with the samples. 

Fig. 5 is an experimental curve of phase 


angle versus square root of resistivity at 
constant frequency. Fig. 6 is phase angle 
versus frequency at constant resistivity. 
In both cases the samples were of suf¬ 
ficient thickness that the current in the 
plate was essentially zero at the back sur¬ 
face. For dynamic balancing on stain¬ 
less steel, it is found from Fig. 5 that the 
phase angle of a thick metal plate at 60 
kc is 

5=2.77 a/p 


5=phase angle in degrees 
p= resistivity of the sample in microhm- 
centimeters (cm) 

Using this equation and the curves of 
Fig. 6, the phase angle of a thick metal 
plate is 


#-WppT‘ 


0YNAMIC BALANCE ON 262 
MILS OF STAINLESS STEEI 


locus of |v 0 |Z.e<j 
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Fig. 4. Compensation of residual effects of probe to surface spacing for 262 mils of stainless * , 0 . 

steel at 25 kc $ 

d=probe to surface separation in mils f 

OC=B'B«A'A=0.05 volts=amount V 0 must be reduced from null balance condition to ® v 

produce a dynamic balance 


KC 

frequency 

Fig. 6. Phase angle versus frequency for thick 
nonmagnetic metals 


?=0.3135f T' 1 

(_50,000j 


where 8 and p are defined as in the fore¬ 
going and 

/=frequency in cycles per second 
5 = l,980\/p/y=skin depth in mils assum¬ 
ing the magnetic permeability of the 
plate equals unity. 

Fig. 7 contains curves of phase angle 
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PROBE DYNAMICALLY BALANCED ON 66 MIL 
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FROM CURVE *7.4% _____ 
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versus thickness for brass and phosphor 
bronze at 25 and 100 kc. Similar curves 
were obtained for copper, stainless steel, 
lead, mercury, and a lead zinc alloy. By 
first plotting 6 versus t/b and then apply¬ 
ing a frequency term, the curve of 


0=7.35X10'*- 


0.15<-<0.85 

8 


0^ 50,000 j 0 - 1 


versus t/b shown in Fig. 8 was developed. 
This single curve represents all these 
metals having resistivities between 1.72 
and 96 microhm-cm over a frequency 
range of from 25 to 100 kc. The curve of 
Fig. 8 was plotted on log-log paper as 
shown in Fig. 9 and the equation of the 
straight portion evaluated as 


dT 50,000 1' 

l f J 


0.137 | flo.8 

-H iJ 


0 /50,000V 137 

Fi3 - 9 ’ A— j 

magnetic metals 


versus - for non- 


where 0 is expressed in degrees, p in mi- 
crohm-cm, t in mils, and frequency in 
cycles per second. It should be empha¬ 
sized that this equation is valid only for 
the designated probe dynamically bal¬ 
anced on 66 mils of phosphor bronze, al¬ 
though similar equations can undoubtedly 
be derived for other probe configura¬ 
tions. 

Metal-Thickness Measurement 

Choice of operating conditions for a 
metal-thickness indicator to cover a 


Fig. 10 (right). 
Phase angle ver¬ 
sus silver plating 
thickness at con¬ 
stant frequency 


specific range of thickness of one ma¬ 
terial is governed by many factors. Al¬ 
though sufficient information is not known 
about the effects of probe parameters and 
balance, as well as resistivity, frequency, 
and thickness, on phase angle to allow 
generalization of optimum operating 
conditions under all circumstances, cer¬ 
tain conclusions may be drawn from the 
limited amount of data obtained with one 
specific probe. For a given thickness of 
material, very little sensitivity is realized 
until the frequency is reduced to a point 
where the calculated skin depth of the 
material is greater than the thickness. 
Further reduction of frequency results in 
an increase in absolute sensitivity at ap¬ 
proximately constant percentage sensi¬ 
tivity but a decrease in V c and the ratio of 
F 0 to V c . How far the frequency can be 
decreased with advantage depends upon 
the maximum amount of undistorted ex¬ 
citer current available, the minimum 
amplitude required for phase-meter oper¬ 
ation, the precision with which the probe 
may be balanced, and the probe param¬ 
eters. As metal thickness and resistiv¬ 
ity increase, a larger probe diameter is de¬ 
sirable. For measurement of thickness of 
one metal only, the output meter may be 
calibrated directly in thickness. For a 
general - purpose instrument, multiple 
meter graduations or calibration curves 
could be used. It may be possible, how¬ 
ever, to avoid this expedient and have a 
single scale reading thickness directly, 
but only at the expense of more complex 
circuitry. 

Plating-Thickness Measurement 

Choice of operating conditions for a 
plating-thickness indicator is strongly in¬ 
fluenced by particular circumstances* 
since the plating and base metal both con- 
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tribute to the phase angle. For a thin 
plating of low resistivity on a very thick 
base metal of high resistivity, the problem 
is essentially the same as for metal thick¬ 
ness alone. As the resistivities approach 
the same value, difficulties are encoun¬ 
tered, but in present plating applica¬ 
tions, this is not the usual case. If the 
thickness of the base material varies, the 
frequency miist be raised until the trans¬ 
ducer field does not penetrate the thin¬ 
nest portion of the base material, whereas 
if the base thickness is constant a higher 
absolute sensitivity may be gained by 
lowering the frequency. 

Fig. 10 demonstrates the variation of 
phase angle with silver-plating thickness 
on 1 mil of nickel plated on 37 mils of 
stainless steel. The curves indicate 
the values of phase angle of the base 
material at zero silver plating and ap¬ 
proach the phase angle of silver alone as 
the silver thickness increases. As can be 
seen, the absolute sensitivity is increasing 
as the frequency is decreased while the 
per-cent sensitivity is remaining con¬ 
stant, so that the characteristics of the 
phase meter are of prime importance in 
determining the operating frequency. In 


this case an additional consideration is the 
presence of nickel which has a high mag¬ 
netic permeability. It was experimen¬ 
tally determined that the nickel increased 
the base-material phase angle slightly, 
which is opposite to the effect of the 
silver plating. The effect was highest at 
12.5 kc and decreased with increasing 
frequency. At 25 kc the increase was 5 
per cent per mil of the nickel. It is to be 
noted that these values were obtained 
with one commercial grade of nickel, 
plated in the National Bureau of Stand¬ 
ards Laboratory. The magnitude of the 
nickel effect may well become intolerable 
when other grades are plated under dif¬ 
ferent conditions, since the properties of 
nickel vary widely with impurity con¬ 
tent. 

Future Development 

In addition to the measurement of 
metal thickness and plating thickness 
where the materials are known, and cali¬ 
bration curves have previously been ob¬ 
tained, there is a possibility of developing 
an instrument which would measure 
thickness and resistivity simultaneously, 


at least over a limited range of resistiv¬ 
ity. To accomplish this, the first step 
would be to obtain an accurate relation¬ 
ship between phase angle, frequency, re¬ 
sistivity, and thickness of a given probe. 
Then by modulating the frequency, or 
chopping between two values of frequency, 
two values of frequency and phase angle 
could be obtained from which the resis¬ 
tivity and thickness could be calculated, 
preferably electronically. 

A more direct application is the meas¬ 
urement of coil Q, particularly in the 
low-Q and low-frequency range. If a coil 
is short-circuited and held adjacent to the 
probe, the phase meter will read 

„ * 

5= arc tan — 

ah 

By calibrating the output meter in cot 9, a 
direct reading of the coil Q may be ob¬ 
tained. For this application a variable- 
frequency oscillator and wide-band phase 
meter would be needed. The probe 
would be null-balanced. 

-♦- 

No Discussion 
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not symmetric in X, Y, and Z is symmetric 
in X, Y, and Z'.” 


Symmetric Switching Functions 

S. H. CALDWELL 
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I N the design of switching circuits based 
on relay-contact networks, it is known 
that if the function which describes the 
network is of the symmetric type it leads 
to a network which is much more econom¬ 
ical of switching dements than the best 
series-paralld circuit. C. E. Shannon 1 
first described this type of function and its 
assotiated rday contact network in 1938. 
His definition of the symmetric function 
was general, but most of the generality of 
concept has been lost in subsequent 
treatment of the subject. For example, 
S. H. Washburn* defines the symmetric 
rday-contact network as “one in which 
the conditions for dosing a particular in- 
put-to-output path are given ... in terms 
of the number of rdays operated and un¬ 
operated.” This particular type of net¬ 
work is derived from a restricted dass of 
symmetric functions—a dass of functions 
which may be realized by means of itera¬ 


tive networks. 3 There is a much larger 
dass of symmetric functions contained 
within Shannon’s definition, and these 
can be realized only by means of non¬ 
iterative networks. 

Shannon’s general definition is: 

‘ '4 function of the re variables X u X 3 ...X„ 
is said to be symmetric in these variables if 
any interchange of the variables leaves the 
function identically the same.” 

He develops the idea further by stat¬ 
ing: 

“Thus XY+XZ -f YZ is symmetric in the 
variables X, Y , and Z. Since any permuta¬ 
tion of variables may be obtained by suc¬ 
cessive interchanges of two variables, a 
necessary and suffident condition that a 
function be symmetric is that any inter¬ 
change of two variables leaves the function 
unaltered. By proper selection of the vari¬ 
ables, many apparently unsymmetric func¬ 
tions may be made symmetric. For ex¬ 
ample, XY'Z+X'YZ+X'Y'Z' although 


We must distinguish between two 
classes of symmetric functions. The first 
dass has variables of symmetry which are 
either all unprimed or all primed, and it is 
this dass of functions which leads to the 
iterative networks which are character¬ 
istic of 4 ‘m out of re” circuits. The second 
dass will be designated as the mixed 
variable dass, because some, but not all, 
of the variables of symmetry are primed. 
When the number of variables re exceeds 
two, the second dass becomes much 
larger than the first, because while there 
are just two ways in which the variables 
of symmetry can be either all primed or all 
unprimed, there are 2 n —2 ways in which 
the variables can be mixed. The dif¬ 
ficulty is that the detection of symmetric 
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Fig. 1. Extended form of Karnaugh map 

functions in mixed variables becomes ex¬ 
ceedingly difficult by algebraic proce¬ 
dures, even when the number of variables 
is relatively small. For example, WX YZ' 
+ WX'YZ + W'XY'Z + WX'Y'Z' + 
W'X'YZ' is a symmetric function, but it 
is no simple matter algebraically to deter¬ 
mine that its variables of symmetry are 
W,X', Y,Z'. 

The a-Number Theorem 


tions of more than four variables will be 
reduced to a problem in exactly four vari¬ 
ables. Consequently, we are concerned 
here with some of the special properties 
of symmetric functions of four variables. 
Every symmetric function of four vari¬ 
ables can be written in two ways. The 
function Si( W,X, Y,Z) is identically equal 
to the function SsfW' ,X' ,Y' ,Z'). The 
rule is that a symmetric function of any 
four variables is equal to the symmetric 
function of the corresponding complemen¬ 
tary variables when each a-number &] of 
the original function is replaced by the a- 
number (4— aj). This rule holds even 
when the variables of symmetry are 
mixed. Thus Si t i(W',X,Y,Z')—So,3(W, 
X', Y',Z ). For the a-number 2, there is no 
change in a-number when the arguments 
of the function are complemented. 

The method for recognizing and identi¬ 
fying sy mm etric functions of four vari¬ 
ables depends upon the use of a map 
which is an extension of the chart de- 


no others, it satisfies the a-number theo¬ 
rem and the function may be identified as 
Si(W,X,Y,Z). This is evident from the 
fact that the array of 3-cells represents all 
the ways in which exactly three of the 
variables W,X,Y and Z can havfe the 
value 1. 

In similar manner the arrays of 1-cells 
and of 2-cells shown in Fig. 2 show the 
location of transmission points (points for 
which the function has the value 1) of 
symmetric functions of W,X,Y, and Z, 
having a-numbers of 1 and 2, respec¬ 
tively. The a-number 2 is readily dis¬ 
tinguished because it occurs in a large 
diagonal-square array of entries, rather 
tri cm the small diagonal-square arrays 
which indicate a-numbers of 1 or 3. Since 
there is only one term in a function of a- 
number 0, and one term in a function of 
a-number 4, these transmission points are 
isolated from each other, but the arrays 
for a-numbers 1, 2, and 3 are located 
symmetrically about them. 


The proposed method for recognizing 
both classes of symmetric circuits starts 
with the a-number theorem given by 
Shannon. 1 Originally, the theorem was 
Stated in terms of the hindrance concept 
(0=closed circuit, 1 =open circuit); as 
stated in the following, it is modified for 
more convenient use with the transmis¬ 
sion concept (0=open circuit, 1=closed 
circuit). Thus modified (italic type), the 
theorem is: 

“A necessary and sufficient condition that 
a function be symmetric is that it may be 
specified by stating a set of numbers ai, 
a a ... aft such that if exactly aj(J = l, 2, 3 
... k) of the variables have the value one, 
then the function has the value one, and not 
otherwise. . . The set of numbers a u at 
... aft may be any set of numbers selected 
from the numbers 0 to n, inclusive, where n 
is the number of variables in the symmetric 
function. For convenience, they will be 
called the a-numbers of the function.” 

The symmetric function X Y-\-XZ -\-YZ 
has the a-numbers 2 and 3, since the func¬ 
tion has the value 1 if either two or 
three of the variables have the value 1, 
but not if one or if none have the value 
1. Symbolically, we express this func¬ 
tion as S i ,t(X,Y,Z). The function XY'Z 
-\-X'YZ+X'Y'Z' has the mixed vari¬ 
ables of symmetry X,Y,Z' and the a- 
number 1, so it is written Si(X, Y,Z'). It 
may also be verified that the illustrative 
function of four variables given above is 
S 0fi {W,X',Y,Z'). 

Sy mm etric Functions of Four 
Variables 

By means of an expansion theorem, the 
problem of recognizing symmetric func- 


scribed by E. W. Veitch 4 and later re¬ 
fined by M. Karnaugh. 6 If Karnaugh’s 
map for four variables is extended by the 
addition of a 00 row and a 00 column, as 
shown in Fig. 1, and entries on the map 
are duplicated in theleftandrightcolumns 
and in the top and bottom rows, it be¬ 
comes somewhat easier to observe the ad¬ 
jacencies between the terms of a switch¬ 
ing function. It is no longer necessary to 
keep in mind that entries at the top and 
bottom of a column are adjacent, as are 
those at the left and right ends of a row. 

The extended map of Fig. 1 is quite 
sufficient for the detection of symmetric 
functions, but the relations among the 
terms of these functions become dearer 
when the map is extended still further, as 
shown in Fig. 2. The same cyclic order 
of number pairs is repeated for the addi¬ 
tional rows and columns, and again the 
map is terminated in a 00 row and a 00 
column. In each cell of the map a number 
has been placed. This number corre¬ 
sponds to the total number of l’s in the 
combined designators of the column and 
row which intersect at that cell. Thus, 
the cell at the intersection of column 01 
and row 11 contains the number 3 be¬ 
cause there are three l’s in the combined 
designator 0111. There are three other 
sets of combined designators which lead 
to the number 3 in their cells; namdy, 
1011, 1101, and 1110. We observe now 
that the number 3 always occurs in groups 
of four, and that each group consists of a 
synnll diagonal square array of entries; 
these arrays are emphasized by the di¬ 
agonal lines drawn in Fig. 2. If a given 
switching function exhibits transmission 
values of 1 in all four of these cells, and in 


Functions with Mixed Variables of 
Symmetry 

We now examine what happens when 
we map a function which is symmetric in 
W,X, Y,Z, and then map the same func¬ 
tion when it has mixed variables of sym¬ 
metry. Consider the functions 

St.z(W,X,Y,Z)-WXY’Z'+WX'YZ'+ 

WX' Y'Z-\-W'X YZ'+W'X Y'Z+ 
W'X'YZ+WXYZ'i WXY'Z+ 

WX'YZ+W'XYZ (1) 

S 2 . s (lV,X', Y',Z) =* WX' YZ'+WXY'Z'+ 
WX YZ+W'X' Y'Z'+W'X ' YZ+ 
W'XY'Z+WX'Y'Z'+WX'YZ -f 

WXY'Z+W'X’Y’Z (2) 

Function 1 is mapped in Fig. 3(A) 
and it can be observed that the trans¬ 
mission points form a pattern of large and 
small diagonal-square arrays. From a 


to oo 01 


laaacaaacD 

seoagipag 

8SBBBBQBBIS 

D9BBDaBBD 
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BflBBOiiEB 


Extended map for detection of sym¬ 
metric function! 
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F ' 8 * 3> Symmetric function map showing 
shift in location of pattern when variables of 
symmetry are changed 


comparison with Fig. 2, it is clear that the 
large array definitely corresponds to the 
a-number 2, but the small array may in¬ 
dicate an a-number of either 1 or 3. Both 
arrays are symmetrically located about 
the cell designated 1111, and since this 
cell corresponds to an a-number of either 
0 or 4, the variables represented by the 
cell must be one of the two possible sets 
of variables of symmetry. If the 1111 
designation is interpreted to stand for the 
term WXYZ, the central cell corresponds 
to the a-number 4, and the small diagonal 
array of transmission points must then 
correspond to the a-number 3. The 
function is thus identified as ^(PF,*, 

1 ,Z). 

Function 2 is mapped in Fig. 3(B) 
and we observe that the transmission 
points again form the same pattern of • 
arge and small diagonal-square arrays 
that was obtained for function 1, but that 
the position of the entire pattern within 
the chart has been shifted. The method 
for recognizing general symmetric func¬ 
tions depends on the fact that when a 
symmetric function of four variables is 
mapped on an extended chart, using 
Karnaugh s cyclic ordering of the row and 
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column designators, the transmission 
points form large and/or small diagonal- 
square arrays for a-numbers other than 
0 or 4; and on the fact that when the 
variables of symmetry of the function are 
changed, the entire pattern shifts within 
the map, but without change in shape. 
The a-numbers and the variables of sym¬ 
metry are determined from the row and 
I column designators of the cell, about 
which one or more patterns are symmet¬ 
rically located. 

In Fig. 3(B), the large diagonal-square 
array again indicates an a-number of 

2, and the small diagonal square may 
correspond to an a-number of either 1 or 

3. Both patterns are symmetrically 
located about the 1001-cell, which can in¬ 
dicate the variables of sy mm etry W,X', 
Y',Z. The a-number of the small diag¬ 
onal square is determined by testing one 
of its points against the selected vari¬ 
ables of symmetry. Consider the point 
1000 in the small diagonal square, which 
in map co-ordinates represents the term 
WX'Y'Z'. When we compare this term 
with the variables of symmetry W,X', 
Y',Z, we see that the test term has a 
transmission value of 1 when the three 
variables W,X', and Y' have the value 
1, and Z has the value 0. Hence, by 
Shannon’s a-number theorem, the a- 
number represented by the small diagonal 
square array is 3, and the function is com¬ 
pletely identified as S U (W,X',Y',Z). 

Of course, it could just as well have been 
identified as S lii (W',X,Y,Z') ) which is 
identically the same function. 

Symmetric Functions of More Than 
Four Variables 


When the number of variables of sym¬ 
metry exceeds four, the direct recognition 
of symmetric functions by chart patterns 
becomes quite difficult. An expansion 
theorem can be derived, however, which 
enables us to reduce the number of vari¬ 
ables to be mapped. Shannon 1 gives a 
general expansion theorem in the form 

/(Zl * Xi ■ • • X n) -*i[/(l, X 2 ... Z M )] + 

*i'I/(0, Xi... x n )] 

This theorem may be used to expand a 
symmetric function of n variables which 
has the single a-number p. The expan¬ 
sion can be performed about any of the 
variables, but for simplicity we expand 
about X n , and write 

S p(Xi, Xi... Xn) =X n [•$„(*!... 

^«-i,l)]+2T a / [5' J ,(jf 1 ...x B _ I ,0)] 
The residual function, S P (X 1 . . . v 
is a symmetric function of a-number 
equal to p, in which the value of one vari- 


-Recognition of Symmetric Switching -Functions 


m able has been made equal to 1. Since the 
tl- a-number defines the number of variables 

m which must have the value 1 in order that 

le the transmission have the value 1, if any 
re one of the variables such as X n has the 
n fixed value 1, the transmission will have 
-• the value 1 if any (p— 1) of the remaining 
i- (n—1) variables have the value 1. This 
d residual function must therefore be a syni- 

;t metric function of («—1) variables with 
:- an a-number (p— 1), and the first term of 
the expansion is written S p -i(Xi ... „Y„_i). 
e We must note, however, that if p = 0, this 
f a-number vanishes in the.S),_i(Xi.. .AVO 

r residual function. This can be seen from 
r the fact that X n is not a factor of S 0 (X x 
r ...XJ^XfX*' ...X n '. 

The other residual function, S,(Xi . . . 

» X n ~i, 0), contains only (n— 1) variables, 
because X n has been made zero. Since 
none of the variables has been given the 
fixed value 1, the a-number remains un¬ 
changed and this residual function is 
hence a symmetric function of (//. — 1) 
variables with the a-number p, and is 
written S p (X x . . . JSf n _ x ). Here we note 
that if p—n, this a-number must vanish 
in the S p (X x ... X n _ x ) residual function. 
This can be seen from the fact that X/ is 
not a factor of S n (X x ... X n ) =*X x X 2 .. . 
X n . 

Combining the two terms, we write the 
expansion theorem for a symmetric func¬ 
tion as 

...X n ) =X n S p - x {X x ... AV0+ 

X n 'S P (Xi ... X n .. x ) (3) 

If a symmetric function has two a- 
numbers, the expansion theorem takes the 
form 

Sp,t(Xi.. .X w )«X b 5 p _ 1i? _ 1 (^ 1 ... 

X n 'Sji.q(X x ... X n ~ x ) (4) 

This form of theorem 4 follows directlv 
from the relation 

S p,q(Xi ...X n ) =S v (X x ... X n )+ 

Sq(Xi ... X n ) 

The expansion theorems for functions 
with more than two a-numbers can readily 
be denved by analogy with theorem 4. 

Since the expansion theorems can be 
applied by expanding successively about 
auy number of variables, we can always 
obtain a set of residual functions of four 

variables. If these residual functions are 
themselves symmetric with respect to a 
common set of variables, and have the o- 
number relations required by the expan- 
theorem, then the original function 
must be symmetric. Both the a-numbers 
and the variables of symmetry of the 
ongmal function can be determined from 
Ok chart patterns of the residual func- 

As an example, a function of live vari- 
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ables will be mapped to identify its vari¬ 
ables of symmetry and to determine its a- 
numbers. The function is 

T=A'BCDE+ABCD , E+ABCDE'+ 

AB'C'DE+A'B'CD'E'+ 

A'B'CDE'+A'BC'D'EA- 

A'BCDE'+AB'CD'E+' 

ABC'D'E'+A'B'C’D'E' 

If the function is symmetric, the out¬ 
come of the expansion process is inde¬ 
pendent of the variable about which the 
function is expanded. For convenience, 
expand about the variable E to obtain re¬ 
sidual functions of the remaining four 
variables. Since the given function is in 
the standard sum form, the expansion can 
be obtained by simple factoring, as fol¬ 
lows 

T=*EU'BCD+ABCD'+AB'C'D+ 

A'B'CD , +A , BC , D’)+E'(ABCD+ 

A , B'CD+A'BC'D+AB'CD , + 

ABC'D'+A'B’C'D') 

The residual functions of A,B,C,D are 
mapped in Fig. 4. In the upper chart, the 
terms associated with E as a factor pre¬ 
sent a pattern of small diagonal squares 
and isolated transmission points. This 
pattern identifies a symmetric function in 
which the diagonal squares represent an 
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Fig. 4. Residual functions derived from ex¬ 
pansion of a function of five variables 


a-number of either 1 or 3, and the isolated 
points represent an a-number of either 0 
or 4. In the lower chart, the terms as¬ 
sociated with E' as a factor present the 
large diagonal-square pattern which in¬ 
dicates a symmetric function of a-number 
2 . 

Although the residual functions are 
now identified as symmetric functions, 
they do not necessarily satisfy the re¬ 
quirements of the expansion theorem, 
equation 4. One apparent contradiction 
is the fact that two a-numbers are indi¬ 
cated by the upper chart, and only one a- 
number appears in the lower chart. This 
combination can still satisfy the expan¬ 
sion theorem, however, if one of the 
original a-numbers is 0. If p — 0, in the 
expansion, the a-number (p—1) must 
vanish. If we assume the isolated points 
in the upper chart indicate an a-number 
of 0, then the pattern indicates that the 
small diagonal squares must represent an 
a-number 3. For this a-number, (p—1) = 

3 — 1, and this is consistent with the a- 
number 2 shown by the lower chart. 

The pattern of the upper chart now in¬ 
dicates that four of the variables of sym¬ 
metry must be A',B,C,D', because the 
diagonal-square pattern surrounds the 
point 0110. The point 0110 is also one of 
the two central points in the pattern of 
the lower chart, so both residual functions 
can be written in terms of the same vari¬ 
ables of symmetry. 

We can now write the function in the 
following form 

T=ESUA',B,CJ)')+E'S2{A',B,C,D') 

Comparing this expression with the ex¬ 
pansion theorem, equation 4, we find 
that the theorem is satisfied if the fifth 
variable of symmetry is E' instead of E. 
Hence the original function is identified 
as So,s(.A',B,C,D',E'). 


An Example in Six Variables 

Consider the expansion of a symmetric 
function of six variables, when expanded 
about two of its variables 


S p (u, v, w, x, y, z ) = uvSp-iiio, x, y, z)+ 
uv'S v -Aw, x, y, z)+ 

u'vS P ~i(w, x, y, z)+u'v'S p (,w, x, y, z ) (5) 

The variables u,v,w,x,y,z are generic 
and may actually be mixed. If there is 
more than one a-number, an equation 
similar to equation 4 can be written. 

Let us designate the four residual func¬ 
tions as the —2 residual, —1 residuals, 
and the —0 residual, referring to the re¬ 
duction of the a-numbers in the expan¬ 
sion process. The a-numbers 0 and 1 will 
vanish in the —2 residual, 0 and 6 will 
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Fig. 5. Effect on symmetric network of a 
primed variable of symmetry 


vanish in the —1 residual, and 5 and 0 
will vanish in the —0 residual. 

We note from equation 5 that all the 
residuals are functions of the same vari¬ 
ables, and that two of the residuals must 
have the same a-numbers. These obser¬ 
vations enable us, from maps of the four 
residuals, to identify any symmetric 
function of six variables. 

Suppose we have mapped the residuals 
of a 6-variable function after expansion 
about the variables u and v, and have 
identified the following 

uv residual = So.2,i( w '> #’# y> z ) 
uv' residual=Si, 3 (w\ x\ y, z) 
u’v residual= Si,3a( w '> x> < y> z ) 
u'v' residual = 5o.2,4(w / , x', y, z) 

These residuals are all functions of the 
same variables, w',x',y,z, as required by 
equation 5. It remains to be seen whether 
the a-numbers form a consistent set. 

We do not know how many a-numbers 
there are in the 6-variable function, so we 
denote the possible a-numbers by p,q.,r,$, 

. .. The «r-residual and the u'v' residual 
both have the a-numbers 0,2,4. Hence, 
these must be the -1 residuals, and we 
can therefore identify p,g,r=1,3,5 as some 
of the required a-numbers. 

This result suggests that the a-numbers 
1,3 of the uv' residual may represent 
(g—2), (r—2); (p—1) vanishes. Butin 
that case, the u'v residual is the —0 re¬ 
sidual, and its a-numbers are 1,3,4—a re¬ 
sult which is inconsistent, because it 
would require a 3 in the a-numbers of the 
two residuals which are known to be the 
— 1 residuals. 

The alternative hypothesis is that the 
u'v residual is the — 2 residual. Hence its 
a-numbers of 1,3,4 become the a-numbers 
3,5,6 of the 6-variable function. Hence, 
we have p,q,r,s= 1,3,5,6, and this set is 
consistent for all residuals. 

If the terms are now grouped as in 
equation 5 we write 
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m'S,x\ y,:)+ uVS ) + 

By comparison with equation 5 we not, 
that the other two variables of symmetry 
must be n'v, so the function is identified 

US 

A'l.a m(«\ v, w' ,x',y, 3 ) 

Symmetric Contact Networks 


Contact networks for symmetric func¬ 
tions of mixed variables of symmetry can 
readily be built from the basic symmetric 
network. The process is illustrated in 
Fig. 5, where part (A) shows the network 
for S 2 (A,B,C,D,E), and part (B) shows 
the network for S*(A,B,C,D\E). As a 
practical matter, the required network is 
drawn by first assuming that all variables 
of symmetry arc unprimed. After the 
network is designed for that set of vari¬ 
ables, the contact designators for those 
variables of symmetry which are primed 
are replaced by their complements. 


It is obvious that once the symmetric 
function is identified, the problem of de¬ 
signing the network is trivial. There is, 
however, a fundamental change in the 
nature of the resulting network. When 
the variables of symmetry are all un¬ 
primed or all primed, the network can be 
designed by iterative methods, and we can 
hence consider it to be composed of a 
chain of typical cells.® This is no longer 
true if the variables of symmetry are 
mixed, and this class of functions hence 
leads to noniterative sy mm etric net¬ 
works. 

Conclusion 

By the use of an extension of the Karn¬ 
augh map, together with the o-number 
theorem and an expansion theorem for 
symmetric functions, it has been shown 
that the most general type of sy mm etric 
function can be detected and identified. 
In their development of the map me th o d 
for treating switching functions, both 
Veitch and Karnaugh considered only 


horizontal and vertical arrays of trans¬ 
mission points. This paper shows that 
diagonal arrays are associated with sym¬ 
metric functions, and examines the rules 
for interpreting such arrays. The im¬ 
portance of a recognition and identifica¬ 
tion method lies in the fact that there are 
many more symmetric functions in mixed 
variables than there are of the familiar 
“m out of n" type. 
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Discussion 

S. H. Washburn (Bell Telephone Labora¬ 
tories, New York, N. Y.): In the analytical 
study of switching functions and their corre¬ 
sponding circuit configurations, one of the 
most interesting classes is that of symmet¬ 
ric functions. Professor Caldwell’s paper 
makes a welcome contribution in presenting 
certain characteristics of these functions 
in an integrated form and in suggesting a 
method for recognizing inherent symmetry 
in a given function, This method is par¬ 
ticularly attractive since it avoids the 
necessity of assuming an arbitrary reference 
point in analyzing the function in question. 

Professor Caldwell in a number of places 
emphasizes the distinction between the “m 
out of n" symmetric class and what he has 
designated the mixed variable class. It is 
uot clear to me that these two classes are 
fundamentally different; in fact, it would 
appear that both in circuit analysis and in 
circuit synthesis it is more convenient to 
treat both symmetric situations as a single 
all-inclusive class. 

Consider, for example, the symmetric 
function .Vi(.Y ( Y,Z'). The variable Z' may 
be replaced by a new variable W so that the 
function becomes $i(X, Y,W). This repre¬ 
sents, in relay contact network terms, a 
network closed for one out of the three varia¬ 
ble relays (AT, F, and W) operated. Gen¬ 
eralizing, any symmetric belongs to the “m 
out of n" class if we are permitted to con¬ 
sider those variables which are primed to 
be replaced by new unprimed variables. 
We do this in practice, of course, when we 
verbally describe the function as being sym¬ 
metric in X, Y, and Z-prime. 

In synthesizing a circuit to correspond to 
a symmetric function, it is also helpful to 
avoid the author’s distinction. If we re¬ 
place all primed variables in the ^-function 


by new unprimed variables, the required 
contact network will be iterative in the new 
set of variables and may be designed by the 
standard techniques applicable to iterative 
networks. Finally, after the resulting net¬ 
work has been drawn, we modify it to cor¬ 
respond to the original set of variables by 
replacing make-contacts with break-con¬ 
tacts, and vice versa, on those relays desig¬ 
nated by the variables which were primed in 
the original ^-function. The wiring inter¬ 
connecting the contacts remains unchanged. 


M. Karnaugh (Bell Telephone Laboratories, 
Murray Hill, N. J.): The development of 
methods for efficient logic-circuit synthesis 
is presently proceeding along two lines. 
The first of these involves the construction 
and/or programming of digital computers 
for this task. The other involves the im¬ 
provement of rapid desk-top methods. The 
former is best for complicated problems, 
while the latter is to be preferred for prob¬ 
lems of little or moderate difficulty. 

There are some important reasons why 
most problems will continue to involve 
only moderate numbers of variables. One 
reason is the limitations of electronic com¬ 
ponents, many of which work best in small 
packages. Another reason is the economies 
which are realized by serial rather than 
parallel operation. Finally, maintenance 
considerations tend to limit circuit com¬ 
plexity. Thus, it is clear that desk-top 
methods of design will be of major impor¬ 
tance in the foreseeable future. 

Professor Caldwell’s basic contribution 
is the observation that a symmetric func¬ 
tion of as many as four variables is easy to 
recognize by inspection of its map (see ref. 5 
of the paper). This addition to desk-top 
design techniques is chiefly applicable to 
relay contact networks at present. How¬ 
ever, it is quite possible that other com¬ 


ponents will be found which can efficiently 
realize symmetric functions. 

The author next extends his method to 
functions of more than four variables by 
means of a special expansion theorem for 
symmetric functions. His approach is effec¬ 
tive, but it is difficult to remember, or even 
to explicitly state, all the rules. I would 
like to suggest an equivalent procedure that 
seems to be more systematic. 

Definition: An elementary symmetric 
function is one with only a single a-number. 

Theorem 1: 

. ,p(Xi, ,,. X n )—S a (Xi,.,, Xn) -f- 
Sp(Xi ,... Af n )+ ... -f-*S,»(.Yi,.,. X n ) 

Theorem 2: 

S a {Xi, ... X n )~^j Si{X \... AT*)X 
*+/-« 

Sj(Xk±\, , . , Xn) 

The proofs of these theorems are reasona¬ 
bly self-evident. Theorem 1 shows how 
any symmetric function may be expressed 
in terms of elementary symmetric functions 
of the same variables. Theorem 2 is an 
expansion theorem for elementary sym¬ 
metric functions, with the variables of sym¬ 
metry partitioned into two sets. The sum¬ 
mation must extend over all values of i, j 
such that i+j=*a and such that 0 <i<k, 
0 <j<n—k. 

A function is symmetric if and only if it 
can be expressed as a sum of summations 
like the one in theorem 2, one for each a- 
number. The variables of symmetry must 
be the same for each summation. 

Consider the author’s 6-variable example. 
For brevity, I shall write Sc£w',x',y,z)=S a 
and S a (u',v) = T a . Using the well known 
expansion theorem of Boolean algebra, and 
identifying the residual 4-variable functions 
as suggested by the author, we get 

F~ u'vSij^-t-uvSot'i +u'v'So l i l rjrM , Si t s 
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Application of theorem 1, followed by the 
collection of coefficients, gives 

F** (uv+u'v')So+(uv'+u'v)Si+ 

(uv -f m 'v')S t +(uv ' +u'v)S t + 

(uv+u'v'-{-u'v)Si 

Now the coefficients must be examined for 
symmetry. In this case, it is done at a 
glance, for 

wtr+ttV— Ti, uv' — Ta, u'v^Ti 
Then we have 

f= ns 9 + (r„+ TjSt+TiSi+i r 0 +r 2 )s 3 + 
(r l +7 , 2 )54=(r 0 5 1 +r 1 s«)+ 
(r 0 53+ri5 2 +2 n 2 5i)+ 
(TiSi+TzSJ+TA 

=51,3,s.bCm', v, w\ x\ y, z) 


S. H. Caldwell: Mr. Washburn is quite 
correct in noting that there is only one, all- 
inclusive class of symmetric functions. 
The distinction given between “m out of n" 
and mixed variable types was based entirely 
on the relative difficulty of recognizing the 
existence of a symmetric function if the 
variables are mixed. A symmetric function 
of the u m out of n” type can be detected by 
the obvious process of counting the number 
of primed or unprimed variables in each term 
of the function, when it is written in a fully 
expanded form. 

There must be a check made, of course, 
to see that all possible terms of a given 
count are present. 

If a symmetric function has mixed varia¬ 
bles, there is no simple prime-counting 
method which will detect it. If the number 


of variables is small, one can systematically 
try, one by one, the transformations de¬ 
scribed by Mr. Washburn to see whether the 
original function can be converted to a form 
in which a symmetric prime count appears. 
This is at best a laborious process and it be¬ 
comes prohibitively time-consuming for 
larger numbers of variables. The map 
method obviates the need for transforma¬ 
tion in the recognition and identification 
process. 

Mr. Karnaugh’s contribution speaks for 
itself. He observed that the identification 
procedure for functions of more than four 
variables involved a rather utidy trial and 
error step, and has described a way to es¬ 
tablish the identity of a function by a direct 
route. It is a most welcome contribution to 
the subject. 


Impulse Ionization and Breakdown in 
Liquid Dielectrics 

G. M. L. SOMMERMAN C. J. BUTE E. L. C. LARSON 

FELLOW A1EE ASSOCIATE MEMBER AIEE ASSOCIATE MEMBER AIEE 


Synopsis: A photographic technique was 
used to measure ionization under impulse 
voltage in transformer mineral oil and in 
transformer Askarel (a chlorohydrocarbon). 
Two electric-field conditions were investi¬ 
gated: 

1. The liquid under test surrounded disk 
electrodes between which were placed im¬ 
pregnated pressboard and dried photo¬ 
graphic paper. Above a threshold voltage, 
Lichtenberg figures occurred in the thin 
film of liquid under the rounded electrode 
edge. For mineral-oil immersant, the fig¬ 
ures were independent of voltage polarity, 
while for Askarel immersant, the figures de¬ 
pended markedly on voltage polarity. The 
chlorine atoms in the Askarel and in carbon 
tetrachloride are shown to affect the liquid- 
ionization process and the puncture volt¬ 
age of Askarel-impregnated pressboard. 
Chopped-wave tests demonstrate how the 
discharges develop with time. 

2. The pressboard was replaced by a poly¬ 
styrene sheet and the upper electrode was 
raised above the sheet to permit the liquid 
to fill the intervening space. Ionization 
records were obtained on the photographic 
paper at threshold stresses which, in most 
cases, were lower than either the breakdown 
stress with the polystyrene barrier present 
or the breakdown stress of the oil without 
the barrier. The threshold impulse-ioniza¬ 
tion stress was the same when the photo¬ 
graphic paper was under the transparent 
barrier and not in contact with the stressed 
oil layer. Threshold-ionization stresses 
ranged from 400 to 800 kv per centimeter in 
virtually uniform fields. 

T HE mechanism of the electrical 
breakdown of fluids is understood 
better as a result of analysis of photo¬ 


graphic records of presparkover dis¬ 
charges. Thus, for gases, Flegler and 
Raether 1 photographed discharges be¬ 
tween plane-parallel electrodes, and found 
that a moving space charge was set up. 
This led to the theory of photoelectric 
liberation of electrons contributing to the 
initiating avalanche by ultraviolet radia¬ 
tion. Again, Merrill and von Hippel 2 ob¬ 
tained detailed Lichtenberg figures on 
photographic plates in gases between rod- 
plane and similar electrodes. By varying 
the gas pressure and adding carbon tetra¬ 
chloride vapor to the test chamber, they 
studied the various stages of development 
of discharges and the supression of dis¬ 
charges by electronegative gases. 

In like manner, photographs of pre¬ 
breakdown discharges in liquids are in¬ 
formative. Early workers in this field, 
such as Marx 3 and Toriyama, 4 made use 
of at least one pointed or sharp-edged 
electrode. They showed how the dis- 
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charges in the liquid develop from the 
point, and studied the effects of voltage, 
pressure, and temperature on the extent 
of the discharge. Toriyama, who used a 
method of dust figures, further showed 
that the discharge from a point was twig¬ 
like for impulse voltages and bushlike 
for direct voltages. Wull and Inge, 8 in a 
study of breakdown of glass photographic 
plates between disk electrodes immersed 
in various liquids, found that discharges 
at the electrode edges affected the photo¬ 
graphic emulsion with both impulse and 
power-frequency voltages. 

Our work, which was independent of 
that of Wull and Inge, began as a result of 
observations of electrode effects in im¬ 
pulse-breakdown tests of impregnated 
transformer pressboard. Dakin and 
Works, 8 in an extensive program of such 
tests, showed that with transformer-As- 
karel immersant, breakdown of the press- 
board was initiated in the liquid at the 
edge of the positive disk electrode. While 
participating in this program in 1948, one 
of us 7 found that, with mineral-oil im¬ 
mersant, most of the press-board punc¬ 
tures occurred well within the electrode 
edges. Further analysis 7 suggested that 
the immersant at the electrode edge was 
ionizing and that, for mineral oil, this 
might lead to semiconducting extensions 
of the electrodes, which would minimize 
edge failures. Later, the idea evolved 
that such impulse ionization in the liquid 
immersant might be observed by placing 
photographic paper over the sheet in¬ 
sulation, under and beyond the disk elec¬ 
trodes, In 1950, this technique was ap¬ 
plied by two of us to a mineral oil and to 
transformer Askarel. 8 In 1950-51, the 
third author joined in tests with liquid 
carbon tetrachloride and chopped-wave 
tests, and conducted the last phase of the 
work reported herein on ionization in a 
liquid layer in series with a solid sheet. 8 
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Fig. 1. Cell for pressboard-breakdown and 
immersant-ionization tests 

A. Pressboard 

B. Immersant 

C. To vacuum 


So far as is known, no other studies have 
been published of ionization figures for 
chlorinated liquids, or with procedures 
and other materials as employed in the 
current work. 

Test Procedures with Pressboard 

in Immersant 

To permit evaluation of the photo¬ 
graphic-paper technique, a light-tight in¬ 
sulating container for housing the elec¬ 
trode assembly was constructed, as shown 
in Fig. 1. The electrodes were disks, 2 
inches in diameter, the upper one round 
edged, and the lower one square edged. 
This configuration was one of those found 
by Dakin and Works 0 to yield polarity ef¬ 
fects in impulse-breakdown tests on As- 
karel-impregnated pressboard. The press 
board used in our tests was 0.059 inch 
thick, 1.10 specific gravity. Samples of 
photosensitive paper, 0.007 inch thick, 
were cut from sheets of grade F-4 bromide 
paper. Both the pressboard and the 
photopaper were vacuum dried and im¬ 
pregnated in separate chambers. .The 
sheets were mounted between the elec¬ 
trodes, with the photopaper emulsion 
next to the upper electrode. In most 
cases, the liquid immersant in the cell was 
not degassed. 

Standard ly^O-microsecond impulse- 
voltage waves were applied to the test cell 



Fig. 2. Impulse-ionization patterns in trans- 
former-oil immersant at various voltages. 
Threshold voltage 57.5 kv, breakdown voltage 
136 kv 



|eD PRESSBOARD, OIL IMMERSANT 
5?.S KV BREAKDOWN 136 KV 



SKAftEL IMPREGNATED PRESSBOARD, ASKAREt IMMERSA 

Wt* THRESHOLD, " 102 

PRESSBOARD AL0N&'V’ *,106 K* 
89 KV - . VOLTAGE APPLIED. I06KV 



Fig. 3. Impulse-ionization patterns in liquid 
immersants, showing polarity effects 


with a high-voltage surge generator. The 
polarity of the waves reported herein are 
referred to the upper, or round-edged, 
electrode (facing the photopaper). 

For a given combination of impregnant 
and immersant, the breakdown voltage 
of the pressboard without photopaper was 
determined first. Tests were started at a 
voltage of about 80 per cent of the ex¬ 
pected breakdown values; successive im¬ 
pulses increasing by about 3 per cent in¬ 
crements were then applied until puncture 
occurred. 

Following this, samples with photo¬ 
paper were tested for immersant ioniza¬ 
tion at various reduced voltages, usually 
with a single impulse per sample. At 
values very near the threshold-ionization 
voltage, several impulses of the same mag¬ 
nitude were sometimes applied to provide 
a more definite record. This had no ef¬ 
fect on the pattern radius. After the 
photopaper was removed in a dark room, 
the impregnant was extracted with sol¬ 
vent. After the paper was dry, the photo¬ 
graphic record was developed in the 
standard manner. 

The ionization patterns presented in 
this paper are representative of a large 
number of photographic records obtained 
in the investigation. Each threshold and 
breakdown voltage reported is the aver¬ 
age value of several test results for each 
combination of materials. 

Impulse Ionization in Immersant 
with Pressboard Barrier 

Fig. 2 shows photographic records of 
impulse-ionization patterns in the trans- 



Fig. 4. Impulse-ionization patterns in liquid 
immersants (pressboard impregnant different 
from immersant) 


former-mineral-oil immersant surround¬ 
ing mineral-oil-impregnated pressboard. 
From the data given, it is seen that the 
impulse-ionization threshold voltage is 
about 42 per cent of the pressboard- 
breakdown voltage. As the voltage is in¬ 
creased, the ionization patterns become 
defined more clearly and increase in 
radius. The similarity of these figures to 
Lichtenberg figures obtained in air is ap¬ 
parent. Tests with degassed mineral-oil 
immersant gave ionization patterns of the 
same form and extent as those shown here 
for the undegassed immersant. Photo¬ 
graphs with an external camera show that 
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Table I. Threshold Impulse-Ionization Volt¬ 
ages of Immersant and Impulse-Breakdown 
Voltages of 0.059-Inch Pressboard 


Materials and 
Conditions 


Ionization and Breakdown 
Voltages, Kv 

Positive Negative 

Polarity Polarity 


Oil pressboard; 
oil Immersant 

Threshold. 

Breakdown. 

Oil pressboard; 
Askarel immersant 

Threshold. 

Breakdown. 

Askarel pressboard; 
oil immersant 

Threshold. 

Breakdown. 


58, 

136, 


81, 

133 


50 , 

73 


58 

136 


68 

136 


50 

102 


Askarel pressboard; 

Askarel immersant 

Threshold. 85. 

Breakdown. 85. 


Table II. Approximate Threshold Impulse- 
Ionization Stresses in Immersant at Round 
Electrode Edge 



Dielectric constants: 

Oil. 

Askarel. 

Oil-impregnated pressboard. 

Askarel-impregnated pressboard 


2.25 

4.5 

4.5 

5.4 


the ionization in the liquid emits light. 

The patterns for mineral-oil immersant 
presented in the upper portion of Fig. 3 
show that the characteristics and radius 
of the pattern are independent of the 
polarity of the applied voltage. The data 
indicate that the breakdown voltage of 
the mineral-oil-impregnated pressboard 
is also independent of the polarity of the 
applied voltage. Although the appear¬ 
ance of the patterns suggests that con¬ 
siderable semiconducting shielding ef¬ 
fects exist at the electrode edges, break¬ 
down of the pressboard usually occurred 
at the tangent radius of the upper elec¬ 
trode in these tests. 

In these oil-ionization patterns and 
those presented later, the ionization radius 
is less in one direction, or two diametrically 
opposed directions, than it is for the 



Fig. 5. Impulse-ionization patterns in carbon 
tetrachloride immersant 


remainder of the figure. These apparent 
departures in ionization uniformity cir¬ 
cumferentially around tire electrode are 
caused by a curling away of the photo¬ 
paper from the pressboard toward the 
electrode. 

Photographic records of ionization pat¬ 
terns in transformer-Askarel immersant 
and Askarel-impregnated pressboard are 
shown in the lower portion of Fig. 3. For 
positive-polarity voltage applied to the 
round-edged electrode, the pattern indi¬ 
cates circumferential propagation of the 
ionization in Askarel rather than the 
nearly radial propagation noted for 
mineral-oil immersant. For negative- 
polarity voltages, the figures exhibit re¬ 
stricted bushlike characteristics. In most 
cases, the ionization originates in only one 
or two locations as compared with the 
more nearly uniform ionization with 
mineral-oil. On the other hand, the maxi¬ 
mum density of the ionization is obviously 
much greater in the Askarel. 

Threshold ionization voltages for the 
Askarel are higher than those for mineral 
oil. This is to be expected, because the 
dielectric constant of the Askarel is about 
twice that of the mineral oil, and so a 
higher applied voltage is necessary to pro¬ 
duce the same electrical stress in the As¬ 
karel. With Askarel immersant and im- 
pregnant, the breakdown voltages of the 
pressboard are only slightly higher than 
the threshold voltages, and are appre¬ 
ciably less than the impulse-breakdown 
voltages obtained with mineral oil. For 
the Askarel, both the positive-polarity 
threshold voltage and the pressboard 
breakdown voltage are lower than the 
negative-polarity values. 

Data were also obtained on combina¬ 
tions of Askarel immersant and mineral- 
oil-saturated pressboard, and mineral-oil 
immersant and Askarel-impregnated press 
board. 0 - 7 Typical patterns are shown in 
Fig. 4. It is seen that the appearance of 
the patterns depends on the immersant 
and not on the pressboard impregnant. 
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Fig. 6. Ionization patterns in transformer-oil 
immersant with chopped impulse-voltage 
waves 


Chop times: 

A. 2.5 microseconds 

B. 6 microseconds 

C. 14 microseconds 

D. 30 microseconds 

This indicates that diffusion of the im¬ 
pregnant into the immersant was not ap¬ 
preciable. 

For these and other combinations of 
materials, the threshold ionization volt¬ 
ages of the immersant and the breakdown 
voltages of the pressboard are summarized 
in Table I. Table II gives approximate 
values of voltage stress in the immersant 
where the upper electrode curves away 
from the pressboard corresponding to 
threshold ionization. As would be ex¬ 
pected, the threshold-voltage stresses de¬ 
pend on the nature of the immersant and 
not on the impregnant. On the other 
hand, the pressboard breakdown voltages 
depend on the impregnant and, in all but 
one case, not on the immersant. The 
latter result agrees, for the most part, 
with results obtained by Wull and Inge 6 
on solid materials. In our work, how¬ 
ever, the Askarel-impregnated pressboard 
is a material that does not resist well the 
effects of ionization in the immersant, 7 
especially with positive-polarity voltages. 
When tested with Askarel immersant, 
this pressboard breaks down as soon as 
the threshold ionization voltage of the im¬ 
mersant is reached (85 kv, positive polar¬ 
ity). When tested with mineral-oil im¬ 
mersant, which ionizes at a lower voltage, 
th is pressboard breaks down at only 73 
kv, positive polarity. 

In order to investigate further the 
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Fig. 7. Cell for liquid-ionization and break¬ 
down test* 

A. Micrometer-spacing adjustment 

B. Barrier and film holder 

C. Insulating barrier and film 


effects of structure of chlorinated im- 
mersants on impulse-ionization voltage 
patterns, liquid carbon tetrachloride 
was tried. In most cases, the pressboard 
flashed over completely or gave no pat¬ 
terns at all, even when chemically pure 
carbon tetrachloride was used. A few 
faint, but well-defined patterns were ob¬ 
tained without flashover, however, and a 
pair of these is shown in Fig. 5. It is ap¬ 
parent that the positive-polarity figure is 
very similar to that for the transformer 
Askarel. The effect of polarity on the 
threshold ionization voltage is also mtniy 
to that for the Askarel. The negative- 
polarity figure for carbon tetrachloride is 
not exactly the same as that for the As¬ 
karel. This might be expected, since the 
carbon tetrachloride contains no hydrogen 
atoms. 

Chopped-Wave Tests 

In order to evaluate quantitatively the 
propagation of the ionization streamers 
in liquid immersants, tests were conducted 
in which the applied impulse waves were 
chopped at definite time values. This was 
done through the use of an auxiliary point 
gap in parallel with the test cell. Most of 
the chopped-wave tests were made with 
1V2X300 impulse waves. Four oil-ioniza- 
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tion patterns, all obtained at 128 kv and 
at four different time values, are shown in 
Fig. 6. At 2.5 microseconds, the pattern 
is already well developed in the highly 
stressed region under the curved edge of 
the upper electrode. At 6 microseconds, 
the streamers have developed to a greater 
distance and with more branches. At 14 
and 30 microseconds, the branches have 
grown further, but at a much lower veloc¬ 
ity because of the decreased voltage 
stresses in the medium at the distances 
penetrated. Worthy of note is the fact 
that after 2.5 microseconds more new 
treelets appear to grow out of the elec¬ 
trode edge in between the large trunks and 
under the main lower branches of the first 
streamers. These may be similar to the 
“back-figures” observed in- full-wave 
studies of gas-ionization patterns by Mer¬ 
rill and von Hippel, 2 who attributed such 
figures to the space-charge current that 
flows back as the applied-voltage tran¬ 
sient subsides. 

Analysis of the chopped-wave patterns, 
together with the full-wave patterns at 
increasing voltages as shown in Fig. 2, 
permits computation of streamer veloci¬ 
ties in oil at different field intensities. 
(The difference in streamer lengths at suc¬ 
cessive chop times divided by the dif¬ 
ference in chop times gives the average 
streamer velocity.) The velocities in oil 
are but a small fraction of streamer veloci¬ 
ties in gases which would be expected 
from the greater density and greater elec¬ 
tron affinity of oil. However, chopped- 
wave tests on Askarel show that the posi¬ 
tive circumferential streamers (similar to 
those in Figs. 3 and 4) are well developed 
at about 1.5 microseconds. At threshold, 
they have not developed at all in slightly 
less than 1.5 microseconds; yet, with 
full waves, the positive streamers are 
much longer than the threshold streamers 
for oil. Thus, once the positive streamer 
starts in transformer Askarel, it propa¬ 
gates through adjacent highly stressed re¬ 
gions at a velocity which may reach many 
centimeters per microsecond. The direc¬ 
tion of the streamer is usually perpendic¬ 
ular to the original field. A rapidly 
moving dense stream or transfer of elec¬ 
trons through the chlorinated liquid is in¬ 
dicated, even though chlorinated ma¬ 
terials in the gaseous phase are known to 
have a high affinity for electrons at low 
ionization densities. 2 

This rapid electron transfer may also 
explain the relatively low impulse-break¬ 
down strength of Askarel-impregnated 
pressboard when ionization occurs in con¬ 
tact with it. Lateral propagation of the 
positive strea m er through highly stressed 
Askarel in the tortuous capillary paths in 


the pressboard is possible in a matter of 
microseconds. 

Impulse Ionization in Liquid Layers 
in a Uniform Field 

An additional investigation was cop- 
ducted to see whether the photographic- 
paper technique would show the presence 
of impulse ionization in the liquid layer 
produced by raising the upper electrode 
above the surface of the photographic 
paper on the insulating sheet. In such an 
arrangement, the electric field in the liquid 
layer is virtually uniform, computable, 
and perpendicular to the photopaper. 

It was found that Tsikin 10 had investi¬ 
gated a similar geometric arrangement 
with power-frequency voltages. He re¬ 
ported that discharges were observed at a 
stress of 250 peak kv per centimeter in an 
oil film 0.1 millimeter thick and a series 
glass barrier, with a photographic emul¬ 
sion in contact with the oil. With the 
photographic emulsion not in contact with 
the oil, he reported that the discharges 
did not occur until the oil stress reached 
500 peak kv per centimeter. In order 
to test for such an effect in our ex¬ 
periments with impulse voltages, it was 
decided to use transparent polystyrene, 

1 /32-inch thick, as the insulating barrier 
instead of the impregnated-paper press- 
board used in the earlier experiments. 

Another light-tight cell was constructed 
for these experiments as shown in Fig. 7. 

It is similar to the first cell except that: 



Fig. 8. Impulse-ionization patterns in 1/8- 
inch transformer-oil layer above a polystyrene 
barrier 


Photopaper located over barrier 
Negative polarity: 

Threshold stress 330 kv/cm 

Computed stress at barrier breakdown 410 

kv/cm 
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1. Both electrodes are round edged. 

2. The photopaper is clamped to the poly¬ 
styrene sheet by the plate holder mounted 
so that the sheet presses against the lower 
electrode, as shown. 

3. The position of the upper electrode 
above the sheet is fixed by a micrometer 
adjustment. 

Filtered commercial transformer oil was 
admitted to the cell under vacuum to 
degas it. The vacuum was broken just 
prior to the application of voltage. Tests 
were made with oil-layer thicknesses of 
1/8, 1/16, 3/64, and 1/32 inch. Stand¬ 
ard lV2x40-microsecond voltage waves 
were applied in all cases. 

At relatively low voltages, no effect was 
observed on either the photographic paper 
or the voltage oscillograms. At a critical 
threshold voltage, faint concentrated dis¬ 
charges were observed on the photo¬ 
graphic paper. If breakdown of the 
polystyrene barrier did not occur, no 
nicks on the voltage oscillograms could be 
detected in the liquid ionization voltage 
range. Under most conditions, break¬ 
down of the barrier occurred at voltages 
greater than the threshold ionization volt¬ 
ages for the liquid; breakdown pro¬ 
duced a chopped-wave oscillogram. 

For each experimental condition shown 
in the subsequent figures, the voltage 
stress in the liquid layer was computed 
from the following relationship for a 3- 
layer dielectric. 



Fig. 9. Impulse-ionization patterns in 1/8- 
inch transformer-oil layer above a polystyrene 
barrier 


Photopaper located under barrier 
Negative polarity: 

Threshold stress 330 kv/cm 

Computed stress at barrier breakdown 410 

kv/cm 


Ei - Vr/Vi + ( Mh) + (aA/ss)] 
where 

V r =the total applied voltage 
di, d 2 , d 3 =the thicknesses of the three layers 
<i, 62 , € 3 =the dielectric constants of the 
three layers 

Fig. 8 shows ionization patterns at four 
applied voltages for the 1 / 8 -inch-thick 
oil layer with the photopaper in contact 
with the oil. Each pattern consists of 
only one ionization nucleus, with stream¬ 
ers radiating in a characteristic dendritic 
pattern, the radius of which increases with 
voltage. Fig. 9 shows results for similar 
tests except that here the photopaper is 
under the polystyrene barrier (emulsion 
not in contact with the oil layer, but still 
facing the oil layer). The results are 
similar to those illustrated in Fig. 8 , 
except that the patterns are more diffuse 
in character because of the intervening 
sheet. 

The patterns for the 1/16-inch oil layer 
are similar to those for the 1 / 8 -inch oil 
layer. In both cases, the patterns were 
obtainable only with negative-polarity ap¬ 
plied voltages before breakdown of the 
polystyrene barrier occurred. For the 
3/64-inch oil layer, more than one ioniza¬ 
tion nucleus is usually observed, at both 
polarities, and the pattern radii are small, 
as shown in Fig. 10. For the 1/32-inch 
oil layer, numerous pointed or small- 
radius starlike patterns are observed, as 
shown in Fig. 11. The occasional corona¬ 
like figure (about 0 . 1 -inch diameter, 
actual size), is interesting. 

Both Figs. 9 and 10 include patterns re¬ 
corded on photopaper mounted under the 
polystyrene barrier. For all four oil-layer 
thicknesses investigated, the threshold 
ionization values for emulsion in contact 
with the oil agreed within 3 per cent with 
those for emulsion not in contact with the 
oil. It should be noted that these results 
are obtained under experimental condi¬ 
tions similar to those of the pressboard 
studies; namely, well-dried photopaper 
and impulse voltages. 

In many of the patterns obtained with 
the photopaper in contact with the oil, 
Figs. 8 , 10, 11, thin circular lines are 
evident. These are scratches caused by 
contact of the top electrode with the sur¬ 
face of the photopaper when the microm¬ 
eter zero setting for the liquid-layer 
spacing was made; they are useful in in¬ 
dicating the location of the electrode 
edge. 

In the patterns obtained with the photo¬ 
paper under the polystyrene barrier, 
Figs. 9, 10, diffuse circular halos are 
evident when the voltage is substantially 



Fig. 10. Impulse-ionization patterns in 3/64- 
inch transformer-oil layer above a polystyrene 
barrier 


A and C, Photopaper under barrier 
B and D, Photopaper over barrier 
Threshold stresses: 493 kv/cm, positive; 
453 kv/cm, negative 

Computed stresses at barrier breakdown: 
532 kv/cm, positive; 586 kv/cm, negative 


halos are not observed at, or slightly 
above, threshold levels. An explanation 
of this is the following: as the voltage is 
increased above threshold, the ionization 
in the liquid layer extends farther from 
the electrode center, and may extend be¬ 
yond the electrode edge, see Fig. 8 . Thus, 
the higher the voltage, the more charge is 
sprayed on the upper surface of the bar¬ 
rier, and the more dosely the potential of 
the upper barrier surface approaches the 
upper electrode potential. This increase 
in potential of the upper barrier surface 
increases the stress in the barrier and in 
the liquid layer at the curved edge of the 
lower electrode. The liquid layer at the 
lower dectrode edge thus ionizes suffi- 
dently to affect the photographic emul¬ 
sion through the liquid-soaked photo¬ 
paper, giving a diffuse halo. With lower 
voltages, ionization in the main liquid 
layer is limited, little charge is sprayed 
on the barrier, and the stress in the liquid 
under the barrier does not readx the 
ionization levd. 

Fig. 12 shows the threshold ionization 
voltage stresses in the oil plotted against 
oil-layer thickness for both voltage polari¬ 
ties. The threshold values increase as the 
thickn ess decreases. The extrapolated 
values at thicknesses of a few mils are con¬ 
sistent with the 800 kv per centimeter 
(kv/cm) values computed from the results 

of the pressboard-in-immersant studies. 

Table II. . 

The rdationship of barrier-breakdown 
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Fig-11. Impulse-ionization patterns in 1 /32- 
inch transformer-oil layer above a polystyrene 
barrier 

A and C, Photopaper under barrier 
B and D, Photopaper over barrier 
Threshold stresses: 600 kv/cm, positive; 
520 kv/cm, negative 

Computed stresses at barrier breakdown: 
670 kv/cm, positive; 730 kv/cm, negative 


voltage to threshold voltage at various oil- 
layer thicknesses is shown by the curves 
for computed oil-layer stresses corre¬ 
sponding to barrier breakdown in Fig. 12. 
The actual oil-layer stress at barrier 
breakdown is probably less than indicated 
by negative-polarity curve A, because of 
the formation of charged areas on Hip 
upper barrier surface discussed in the 
foregoing. 

Impulse-breakdown tests were made on 
the degassed oil alone (without the bar- 
ricr), using the same electrodes. The re¬ 
sults are given in Fig. 13. Even with 
single-filtered oil the breakdown stresses 
are low and erratic, particularly for oil- 
layer thicknesses of 1/16 inch and less. 
Using double-filtered oil, breakdown 
stresses are higher and more uniform; 
they increase with decreasing oil-layer 
thicknesses down to 0.040 inch. For 
the 0.030-inch oil layer, results were low 
and erratic even with double- and triple- 
filtered oil. In general, these oil-break¬ 
down stresses are higher than the impulse- 
ionization threshold stresses, which are 
redrawn in Fig. 13 for comparison. This 
is partly explained by the fact that the 
liquid does not break down until after 
about four microseconds on the impulse- 
voltage wave. Therefore, if the voltage 
is reduced slightly below the breakdown 
point, ionization in the liquid may still 
occur at the crest-voltage value. 

Similar experiments were conducted 


Fig. 12 (right). 
Impulse - ioniza¬ 
tion stress versus 
oil-layer thick¬ 
ness. Computed 
oil-layer stress 
corresponding to 
breakdown of 
polystyrene bar¬ 
rier 

A. Negative- 
polarity break¬ 
down 

B. Positive-pol¬ 
arity breakdown 

C. Positive-pol¬ 
arity threshold 

ionization 

D. Negative- 
polarity threshold 

ionization 
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Fig. 13 (right). 
Impulse - break¬ 
down stress ver¬ 
sus oil-layer 
thickness, with¬ 
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with transformer Askarel and a glass bar¬ 
rier. In nearly all cases, breakdown of 
the barrier occurred before ionization was 
photographed. A few faint photographic 
records were obtained at voltages very 
slightly less than those causing barrier 
breakdown. 

Summary and Conclusions 

Impulse ionizaton in liquids may be de¬ 
tected by photographic paper mounted in 
contact with the ionization. The effect 
is caused by light emitted by the ioniza¬ 
tion in the liquid. The presence of dry 
photographic paper does not appreciably 
change the impulse ionization being 
measured. In degassed transformer oil, 
impulse ionization is usually detected at 
voltage stresses less than those causing 
complete breakdown of the oil in essen¬ 
tially uniform fields. 

The threshold impulse-ionization stress 
increases as the thickness of the liquid 
layer decreases. In these tests it ap¬ 
proached 800 kv/cm for both transformer 
mineral oil and transformer Askarel. In a 
diverging field, there is no appreciable 
polarity effect on the threshold impulse- 
ionization stress for mineral oil, but for 
transformer Askarel and carbon tetra¬ 
chloride, the ionization occurs at a lower 
stress when the field diverges from a 


positive electrode toward a dielectric 
barrier. The mechanism of propagation 
of the impulse ionization depends on the 
chemical composition of the liquid. For a 
hydrocarbon oil numerous streamers 
propagate relatively slowly in treelike 
patterns in the general direction of the 
original field for both polarities. For 
a chlorohydrocarbon liquid, positive 
streamers propagate more rapidly from a 
very few ionization nuclei and laterally to 
the field; negative streamers propagate 
much more slowly. These differences in 
streamer propagation are reflected in 
corresponding differences in impulse- 
breakdown strengths of pressboard im¬ 
pregnated with the liquids, if the press- 
board is exposed to ionization. The 
photographic method for detecting ioniza¬ 
tion may be employed to determine the 
location of weak spots in insulated struc¬ 
tures. 
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Discussion 

T. W. Dakin (Westinghouse Research Labo¬ 
ratories, East Pittsburgh, Pa.): The authors 
"have reported the results of a very interest¬ 
ing and significant investigation of a phe¬ 
nomenon associated with the dielectric 
breakdown of sheet material. It is probably 
not generally appreciated that dielectric 
breakdown of solid insulation in oil is almost 
always preceded by a discharge in the oil at 
the conductor edge. This confirmation of 
this discharge phenomenon, even with 
impulse tests of short duration, is certainly 
going to be helpful in advancing our under¬ 
standing of dielectric breakdown in compos¬ 
ite systems of this sort. 

I believe that the results of this investi¬ 
gation also have a bearing on the long-time 
dielectric strength of pressboard in oil. In 
a paper by Dakin, Philofsky, and Divens 1 
it is pointed out that the long-time appli¬ 
cation of alternating voltages under con¬ 
ditions of surface or internal discharges re¬ 
duces the effective dielectric strength until 
failure occurs. The lower voltage limit 
at which this effect of discharge attack oc¬ 
curs seems to be the corona or discharge 
inception voltage. The authors of the pres¬ 
ent paper have shown in the case of oil- 
impregnated pressboard in Table I that the 
threshold voltage of the discharges with an 
0.059-inch pressboard is 58 kv as compared 
to an impulse breakdown voltage of 136 kv 
crest. Thus we might expect that with re¬ 
peated discharges, such as would occur 
with alternating voltage, attack on the 
pressboard would occur at crest voltages 
above 59 kv. In recent tests at our Labo¬ 
ratory on pressboard of comparable thick¬ 
ness we obtained the results shown in Table 
III. 

The data in Table III indicate that the 
discharges which the authors detected oc¬ 
curred at a voltage corresponding to break¬ 
down on a 2-kv per minute step test with 
60-cycle voltages. Longer time 60-cycle 
tests, however, showed lower breakdown 
voltages. It is therefore probable that dis¬ 
charges occurred at lower voltages but were 
not detected by the photographic method 
used by the authors. Perhaps the authors 
would like to comment on the sensitivity of 
the photographic method of detecting these 
discharges. 


Table III 


KV Crest 

Method of Voltage Application Breakdown 


l l /«40-microsecond impulse...141 

60 cycle—2 kv per second rise.88 

60 cycle—2 kv steps per minute. 62.4 

60 cycle—2 kv steps per 10 minutes.40.5 


The authors’ result, which indicates that 
in the case of Askarel-impregnated press- 
board the discharge threshold voltage was 
very near to the breakdown voltage, corre¬ 
lates with the low impulse ratio for this 
material reported by Dakin and Works 
(see ref. 6 of the paper). "With this material 
the long-time 60-cycle crest breakdown volt¬ 
age is only a little lower than the impulse 
level because the discharges in the liquid do 
not occur at a lower voltage. 

Reference 

1. Effect of Electric Discharges on the 
Breakdown of Solid Insulation, T. W. Dakin, 
H. M. Philofsky, W. C. Divens. AIEE Trans¬ 
actions, vol. 73, pt. I, May 1954, pp. 155-62. 


C. N. Works (Westinghouse Research Labo¬ 
ratories, East Pittsburgh, Pa.): The au¬ 
thors have described a practical method of 
obtaining patterns on photographic paper 
of the corona which results when impreg¬ 
nated pressboard in a liquid immersant is 
subjected to impulse voltage of sufficient 
magnitude. Impregnated pressboard in a 
liquid immersant is used as a dielectric in 
practically all large power transformers 
built. The fine photographs of ionization 
or corona patterns obtained by these au¬ 
thors are a worthy contribution toward a 
better understanding of the mechanism of 
corona discharge and dielectric breakdown 
that result from the application of impulse 
voltages. 

I had the pleasure of being associated with 
Dr. Sommerman in a program of impulse 
breakdown tests of impregnated pressboard 
(see ref. 7 of the paper). Soon after Dr. 
Sommerman returned to Northwestern Uni¬ 
versity, some unreported tests were made 
on oil-impregnated and Askarel-impreg¬ 
nated pressboard immersed in both Askarel 
and oil as well as in oil containing acid and 
other contaminants. Results similar to 
those given in Table I were obtained and, in 
general, I concur with the conclusions 
reached by the authors in the section en¬ 
titled “Impulse Ionization in Immersant 
with Pressboard Barrier.” However, at¬ 
tention should be called to the following 
facts. When 1/16-inch Askarel-impreg¬ 
nated pressboard immersed in Askarel was 
tested with a l l / 2 x40-microsecond impulse 
wave, breakdown occurred at 85 kv positive. 
For 1/16-inch Askarel-impregnated press- 
board immersed in oil, breakdown occurred 
at only 73 kv positive; see Table I. This 
is a considerable reduction in dielectric 
strength. This was explained by the fact 
that the threshold corona voltage for the 
case of Askarel-impregnated pressboard 
immersed in oil is considerably lower than 
for the same immersed in Askarel, and that 
this pressboard does not resist well the 
effects of corona in the immersant. I ac¬ 


cept the fact that the threshold corona volt¬ 
age of Askarel-impregnated pressboard im¬ 
mersed in oil is lower than that for the same 
immersed in Askarel. However, perhaps 
the statement that Askarel-impregnated 
pressboard does not resist well the effects 
of corona in the immersant should be re¬ 
examined. 

When Askarel-impregnated pressboard is 
immersed in oil, the stress in the oil is greater 
than in any other case; see Table II. The 
impulse dielectric breakdown voltage of 
Askarel-impregnated pressboard is lower 
than for oil-impregnated pressboard. Table 
I and reference 6 of paper. As an impulse 
voltage is applied to Askarel-impregnated 
pressboard immersed in oil, severe corona 
discharge takes place in the oil. In the 
absence of an exact knowledge of the break¬ 
down process, it may be suggested that the 
effect of this discharge is to extend the elec¬ 
trodes a short distance into the pressboard 
and reduce its effective thickness. Im¬ 
pregnated pressboard is not a homogeneous 
solid, but consists of fibers surrounded by 
the liquid impregnant. The separation be¬ 
tween fibers is great in terms of atomic 
dimensions. If the effect of corona in the 
oil immersant is to reduce the effective thick¬ 
ness of Askarel-impregnated pressboard, 
then as the sheet thickness is increased this 
effect should be proportionately less. 

I have made breakdown tests on 1 /8-inch 
pressboard, double the thickness used in the 
paper. Askarel-impregnated pressboard 
immersed in Askarel had an average positive 
impulse breakdown voltage of 132 kv. As¬ 
karel-impregnated pressboard immersed in 
oil had an average breakdown voltage of 
about 130 kv, only a slight reduction as 
expected. Therefore Askarel-impregnated 
pressboard immersed in oil is not necessarily 
less corona resistant than other pressboard 
and this case is not an exception to the 
general rule as stated by the authors, but is 
rather in agreement with their statement 
made in the paper that impulse breakdown 
voltages for pressboard depend on the im¬ 
pregnant and not on the immersant. 

To avoid confusion with the term ioniza¬ 
tion potential as used by the physicist in 
connection with spectroscopy, it is suggested 
that the term threshold impulse discharge 
voltage be used in place of threshold im¬ 
pulse-ionization voltage. 


J. Gr. Anderson and T. W. Liao (General 
Electric Company, Pittsfield, Mass.): The 
use of photographic methods to study 
streamer formation, creepage, and puncture 
of materials in liquid dielectrics is a very 
promising field of investigation. By such a 
timely paper the authors have made an 
interesting contribution to this subject. 

At the same time that the authors were 
making the studies reported in this paper, 
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Fig. 14 (left). Effect of duration 
of impulse wave on Lichtenberg 
figures 

All impulses at 100 kv maxi¬ 
mum at time of chop. Wave 
chopped through damping re¬ 
sistance to eliminate polarity 
reversal on chop. All film 
emulsion side up in oil on 
1/16-inch kraft board barrier. 
1/16-inch-diameter brass elec¬ 
trode on film surface 


we were using somewhat similar methods 
in an investigation of streamer processes on 
insulating surfaces in oil. As a result, we 
have also observed some of the phenomena 
reported here. 

Our work also shows that the lack of an 
edge effect during impulse breakdown of in¬ 
sulating board in oil is due to streamers 
from the electrode edges moving out over the 
surface of the barrier and grading off the 
strong fields at the edge. Here is a case 
where impulse corona on an insulating sur¬ 
face is actually helpful instead of harmful, in 
that its reduction of strong fields at elec¬ 
trode edges may greatly reduce the possi¬ 
bility of puncture at the edge. However, 
for weaker insulating materials such as ordi¬ 
nary glass, the glass may puncture at the 
electrode edge. Hence the lack of an edge 
effect will occur principally for those ma¬ 
terials whose impulse dielectric strength is 
higher than the strength of the immersant. 

Some observations of streamer propaga¬ 
tion by chopped waves were also made by 
us. Fig. 14 shows impulse Lichtenberg 
figures of a rod-to-plane gap in oil. Here a 
1/16-mch kraft board sheet rested directly 
on a ground plane. On the top surface of 
the kraft board a sheet of photographic film 
was laid emulsion side up and a 1/10-inch 
brass rod line electrode pressed directly 
against the emulsion. The effect of chop¬ 
ping time on propagation is more pro¬ 
nounced for negative polarity than for posi¬ 
tive polarity. It would be interesting to 
know the polarity of the figures in Fig. 6. 

In addition, certain fine points of the test 
procedure are of interest to us. Did the 
authors find that the opposite polarity oscil¬ 
lation normally occurring when a wave is 
chopped had any observable influence on 
then- chopped-wave figure patterns? Also, 
what is their estimate of the effect that 
streamers on the opposite side of the press- 
board may have had on the pattern of the 
streamers on the photographic paper. Pre¬ 
sumably streamers were occurring simul¬ 
taneously on both sides of the pressboard 
barrier. 

It is stated in the synopsis, conclusion, 
and the discussion referring to Figs. 12 and 
Id that the threshold ionization stresses 
were m most cases lower than the breakdown 
stresses with or without a barrier. It is 
readily visualized that, in the case with a 
barrier, ionization can exist in oil in earlier 
stages without breaking down the barrier 

Results obtained at the General Electric 
High Voltage Laboratory in 1950 indicated 
that such a case can exist even though the 


barrier is as thin as 2.5 mils of polyethylene 
film covering a pair of 5-inch-diameter 
Rogowski electrodes (uniform field) spaced 
1/2 inch apart. 

Average breakdown stress of covered elec¬ 
trodes .920 kv per inch 

Average threshold ionization stress of 
covered electrodes.. .806 kv per inch 
Average breakdown stress of bare electrodes 
.814 kv per inch 

The polyethylene covers were vacuum- 
treated and pulled tight over the electrode 
under oil by means of a drawstring sewed in 
the covers. 

The ionization or corona was detected by 
an impulse corona detector described in 
reference 1 and the typical oscillograms are 
shown in Fig. 15. However, no corona prior 
to breakdown level was detected with the 
bare electrodes. In fact, corona and break¬ 
down levels are the same even for rod gaps 
(nonuniform field) below 1-inch spacing. 

Reference 

1. Impulse Corona Detection, Measurement 
op Intensity, and Damaob Produced, J. H. 
Hagenguth, T. W. Liao. AI EE Transactions, vol. 
71. pt. Ill, 1052, pp. 461-65. 


G. M. L. Sommerman, C. J. Bute, and E. L. 
C. Larson: It is a pleasure to receive these 
stimulating discussions of our paper, and to 
note, the agreement of corresponding results 
obtained in different laboratories. 

We concur with Dr. Dakin’s observations 
that, the results of our investigation have a 
bearing on the long-time dielectric str en gth 
of liquid-immersed pressboard. The im¬ 
pulse patterns indicate that the curve of 
ionization current density versus electric 
stress for Askarel rises very sharply from 
virtually zero at a critical threshold stress. 
The nearly unity impulse ratio noted for 
Askarel-impregnated pressboard indicates 
that, there is little effect of time of stress 
application on this ionization curve. For 
mineral oil, the ionization curve apparently 
rises more, gradually, at least for thin oil 
films. Evidently, there is more effect of 
time of stress application on the ionization 
curve for oil, as shown by the somewhat 
lower value of long-time breakdown voltage 
compared with the impulse-ionization 
threshold voltage for oil. Other investi¬ 
gations of 60-cycle ionization threshold 
stress indicate values less than 600 peak 
kv/ern for thin films of oil. 

The preceding discussion shows that the 



Fig. 15. Oscillograms showing corona prior 
to breakdown from a pair of 5-inch-diameter 
Rogowski electrodes spaced 1/2 inch apart 
and covered by 2.5 mils polyethylene film 


Upper—taken at 440 kv, negative 1.5x40- 
microsecond wave 

Lower—taken at 480 kv, negative 1.5x40- 
microsecond wave 


voltage sensitivity of a method of detecting 
ionization depends on the type of liquid and 
the thickness of the liquid film. For Aska¬ 
rel, the photographic method is highly sensi¬ 
tive. For thick films of mineral oil, the 
repeatability of threshold ionization levels 
is within about 5 per cent. For thin oil 
films, the repeatability of results is poorest, 
nearly 10 per cent. 

Mr. Works’ discussion on the breakdown 
process in impregnated pressboard is appre¬ 
ciated. We agree that increasing the thick¬ 
ness of the pressboard reduces the effect of 
the immersant ionization on the impulse 
breakdown voltage. In the case of oil 
immersant and impregnant, increasing the 
pressboard thickness from 1/16 inch to 1/8 
inch gives an increase in resistance to ioniza¬ 
tion at the electrode edges which is suffi¬ 
cient nearly to eliminate edge failures of the 
pressboard. With 1/8-inch Askarel-impreg¬ 
nated pressboard, however, edge failures 
still occur with either Askarel or oil immers¬ 
ant unless the pressboard surface is pro¬ 
tected.. One method of protection is to use 
shielding, as shown by Dakin and Works 
(ref. 6 of the paper). There is a little evi¬ 
dence in our data that placing a thin sheet 
of oil-impregnated paper over the Askarel- 
impregnated pressboard under the positive 
electrode gives an increase in breakdown 
voltage which is larger than when an As¬ 
karel-impregnated sheet of paper is used. 
For these and other reasons we hold the 
view that Askarel-impregnated fibrous ma¬ 
terial does not resist well the effects of im¬ 
pulse ionization at the positive electrode. 
Apparently the ionization streamer in 
Askarel is not readily halted by the first 
fibers encountered. By a propagation 
mechanism probably involving a photo¬ 
electric process, the stream may move 
through the Askarel laterally to the original 
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field and around the fibers, then parallel to 
the field through the liquid between fibers 
until the next barrier fiber is reached, where¬ 
upon the process is repeated. Such a mech¬ 
anism can account for the short times ob¬ 
served for complete disruption of such press- 
board at moderate impulse stresses. 

The results given by Mr. Anderson and 
Dr. Liao in Fig. 14 are similar to those that 
we obtained with a 1 /8-inch oil layer above a 
barrier. Here, only one ionization streamer 
developed (see Fig. 8). For negative po¬ 
larity, electrons moved readily over the 
barrier surface. For positive polarity, the 
thin polystyrene barrier punctured almost 
immediately, at the threshold voltage, indi¬ 
cating that charges did not move far over 


the barrier surface, thus causing a stress 
concentration in the barrier. 

In reply to the questions, the polarity of 
the patterns in Fig. 6 was negative. Simi¬ 
lar positive-polarity patterns were obtained 
with this electrode system. A damping 
resistor was not used directly in series with 
the chopping gap, but an auxiliary resist¬ 
ance-capacitance wave-shaping circuit was 
used, and the resulting oscillation was highly 
damped. The variation of pattern radius 
with chopped waves was consistent with the 
pattern radius for full waves. Photopaper 
applied to the under side of the barrier 
showed that streamers did exist there, as 
expected. These streamers raised the stress 
on the upper side (at the tangent radius of 


the curved electrode edge) only slightly 
when ionization was just starting on the 
upper side. At higher voltages, the two 
sets of streamers lengthen because of the 
radial component of the electric field. 

The last results given by Anderson and 
Liao for two barriers are very interesting. 
The differences in results are quite large 
considering the extreme thinness of the 
barriers used. 

It would be interesting to compare the 
threshold levels obtained with the impulse 
corona-current detector with those ob¬ 
tained with the photographic method, using 
oil and the same electrodes in each case. 
From the results already presented, agree¬ 
ment appears to be good. 
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T HE presence of corona at the surface 
of electric insulation has long been 
recognized 1 as a possibly damaging situa¬ 
tion. An attempt is usually made by 
electric apparatus designers to avoid 
corona at operating voltages or to mini¬ 
mize it. This is done by impregnation 
with liquids, waxes, or resins or by grad¬ 
ing the stress away from edges where 
corona would occur. Sometimes it is done 
with the primary purpose of eliminating 
radio interference rather than protecting 
the insulation. 

Corona is a very appreciable factor in 
affecting the dielectric strength of solid 
insulation as it is measured in practical 
tests. This is true because intense corona 
occurs at electrode edges previous to the 
breakdown of the solid, unless consider¬ 
able care is taken to avoid it. The corona 
is very apparent with a-c breakdown tests 
in air. Corona also occurs and may be 
even more serious in the case of break¬ 
down tests in mineral oil, although it 
may not be so apparent. 

Corona can be described as a partial 
breakdown of insulation due to concen¬ 
tration of electric stress in divergent elec¬ 
tric fields at sharp edges, fine wires, etc., 
or due to increased stress or lower di¬ 
electric strength (or both) in one com¬ 
ponent of different insulating materials in 
series. A common situation is a series air 
gap which is subject to a higher electric 
stress in proportion to the dielectric con¬ 
stant of the solid in series with it. The di¬ 
electric strength of the air gap is also 


lower than that of the solid. Both factors 
lead to initial breakdown of the air gap at 
voltages considerably below those re¬ 
quired to puncture the solid. Such air 
gaps occur in porous or incompletely im¬ 
pregnated insulation, at the surface of in¬ 
sulation under conductors, or at edges of 
electrodes or conductors in contact with 
insulation. Similar gaps in oil in series 
with solid dielectric may also break down 
initially before the solid fails. Corona or 
discharge starting voltages in oil are 
usually much higher than in air, of course, 
due to the higher dielectric constant and 
strength of the oil. Breakdown of such 
series gaps in air, or oil, may produce 
higher stresses on the solid and also erode 
the surface of the solid reducing its thick¬ 
ness, in time, to such a value that punc¬ 
ture occurs. 

Corona is probably the most important 
factor in decreasing the dielectric strength 
of solids with time of alternating voltage 
application, but it is not the intention of 
this paper to imply that it is the only 
factor. Dielectric heating due to a-c con¬ 
ductivity is with some materials the major 
factor in determining the long time a-c 
dielectric strength of solid dielectrics. 
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It is the purpose of this paper to out¬ 
line a number of the factors affecting the 
breakdown of dielectrics with corona and 
to describe the variation of a-c dielectric 
strength with time of voltage application 
for a variety of dielectrics. 

M inimum Corona Voltages in Air 

The threshold voltage for corona is, of 
course, the minimum voltage at which 
it can affect the solid insulation. Corona 
at the surface of isolated conductors away 
from dielectric surfaces is only of second¬ 
ary effect on the insulation. It may 
produce ozone or oxides of nitrogen which 
diffuse to near-by insulation attacking it 
chemically. This paper will not be con¬ 
cerned with such secondary attack, but 
will be concerned only with corona oc¬ 
curring directly between the dielectric 
and a conductor or between two dielectric 
surfaces with, in every case, an appre¬ 
ciable component of the electric field 
normal to the dielectric surface. 

Corona threshold voltages in air are de¬ 
termined by the electric field, the pressure 
of the air, and the thickness of the gap 
(Paschen’s law). In Fig. 1 are shown the 
corona threshold voltages for an electrode 
system consisting of two 1/2-inch-diam¬ 
eter square edge electrodes on opposite 
sides of a plane sheet of insulation. Since 
the electric field in the air at the elec¬ 
trode edges should be proportional to the 
dielectric constant of the solid dielectric, 
the corona threshold voltage should be a 
function of the ratio of the dielectric 
thickness to the dielectric constant. That 
this is approximately so is demonstrated 
in Fig. 2, where the data obtained on a 
variety of insulating materials as shown in 
Fig. 1 over a range of thicknesses from 1 
to 250 mils fall almost on a single line 
when plotted as a function of f/e'. The 
dielectric constants of these materials 
range from 2.2 for polyethylene to 8.3 for 
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the alumina ceramic. The effect of vari¬ 
ous electrode shapes on the corona start¬ 
ing voltage is demonstrated in Fig. 3 for a 
single material—polyethylene. By ref¬ 
erence to the principle shown in Fig. 2, 
it is possible to estimate the threshold 
voltage for other materials with similar 
electrodes to those of Fig. 3. 

The data of Figs. 1, 2, and 3 represent 
corona offset voltages at 74 centimeters 
of mercury air pressure. The offset volt¬ 
age is the voltage at which corona, once 
started, ceases as the voltage is slowly 
lowered. This is considered a more con¬ 
sistent and reliable measurement than the 
onset voltage. The offset voltage is 
usually a little lower than the onset. The 
difference is greater with lower pressures 
and larger electrode spacings. 

In Fig. 3, it can be noted that the co¬ 
rona threshold voltage decreases as the 
divergence of the electric field is increased 
by increasing the dissymmetry of the 
electrodes. The variations of threshold 
voltage with the different electrodes of 
Fig. 3 are about what would be expected 
from a consideration of the relative elec¬ 
tric field intensity at the electrode edge. 

Relation of Breakdown Time to 
Voltage Gradient 

The dependence of the dielectric 
strength on the time of voltage application 
has been studied by a number of investi¬ 
gators, 2-7 some of whom have developed 
empirical equations for this dependence. 
The relation of the voltage endurance of 
insulation to corona has not, however, 
always been appreciated. Recent papers 
by Brodhun and Perkins 12 - 1 * have re¬ 
emphasized the importance of corona and 

156 


pointed out that all organic materials are 
susceptible to corona erosion. 

An example of the relation of dielectric 
strength to breakdown time is given in 
Fig. 4 for a 5-mil nylon film. The dielec¬ 
tric strength decreases steadily with in¬ 
creasing time of voltage application, but 
appears to approach asymptotically the 
gradient at which corona starts, for very 
long times of voltage application. 

The data plotted in Fig. 4 and in most 
of the other curves in this paper were, 
with the exceptions noted, determined 
with a very simple electrode system; a 
1/2-inch cylindrical brass electrode, with 
flat end and square edge opposite a large 
plane electrode. The electrodes were 
initially polished and placed tightly 
against the flat dielectric sheet under test. 


the very short-time tests, to the test volt¬ 
age and maintained constant until failure 
occurred. In the long-time tests, usually 
a number of samples were tested in 
parallel with a single fuse or circuit 
breaker. When a sample failed, the volt¬ 
age remained off until an operator noted 
the failure, recorded the time, discon¬ 
nected the failed sample, and reapplied 
the voltage to the remaining samples. A 
running time meter in parallel with the 
primary of the high-voltage transformers 
recorded the elapsed time of voltage ap¬ 
plication. This rather simple technique 
kept the control circuitry to a mini¬ 
mum. 

This test procedure, it will be noted, 
applied the voltage discontinuously. It 
was determined in a number of tests that 
discontinuous application of voltage in 
the longer time tests resulted in the same 
breakdown times as continuous voltage 
application. It should also be noted that 
conventional dielectric strength step 
tests, where the voltage is increased in 
intervals, being held for specified times at 
each interval until failure occurs, gives 
about the same information as the pro¬ 
cedure used here. The step test, how¬ 
ever, is believed to be less accurate, since 
some corona deterioration occurs at lower 
steps and the time of failure at the ter¬ 
minal step is often not recorded. 

The voltage gradient, which is the 
ordinate of Fig. 4 and later figures and is 
often referred to throughout the paper, is 
the average gradient, the ratio of the ap¬ 
plied voltage to the electrode separation 
(usually the thickness of the dielectric 
under test). 

The decreasing dielectric strength with 
time of alternating voltage application be¬ 
gins at the first cycle, as is shown in 
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Fig. 5 for the case of 2-mil mylar (poly¬ 
ethylene terephthalate) film. For this 
material the dielectric strength has been 
measured over a range of times of voltage 
application of almost 10 8 . All of these 
tests were made in air. To determine the 
failure times of about a minute or less, the 
voltage was applied to the samples with a 
high-voltage switch from an energized 
transformer and the time of voltage ap¬ 
plication measured with a recorder ca¬ 
pable of recording a 60-cycle wave. The 
high-voltage switch technique was neces¬ 
sary to avoid the overvoltage surge often 
noted when switching was done in the 
primary. 

Difficulty was occasionally encountered 
in the higher voltage tests because of sur¬ 
face flash around. This was relieved by 
replacing the larger plane electrode with 
one of smaller size. Most of the higher 
voltage tests (darkened circles in Fig. 5) 
were made with a 1/2-inch square edge 
electrode opposite a 1-inch round edge 
electrode. The lower voltage tests (open 
circles) were made with the ground elec¬ 
trode 2 inches or greater in diameter. 
At 3,800 volts per mil tests with both 
electrodes were made and appear to give 
almost the same results. Some tests were 
also made with two 1/2-inch-diameter 
square edge electrodes (half-darkened 
circles). 

Immersing the solid insulation in oil 
appears to decrease the time to failure 
very greatly unless the sample is vacuum- 
treated. This is illustrated by the solid 
triangles of Fig. 5 for 8-mil mylar. These 
tests were made by simply immersing the 
mylar film in oil. The oil appeared to wet 
the film well, but there must have been 
microscopic air bubbles or an invisible 
air film left. When the immersed insula¬ 
tion was thoroughly vacuum-treated, the 
times to failure were longer However, 
such tests were sometimes erratically 
short, possibly as a result of air bubbles 
retained on the electrodes from previous 
tests. (The electrodes were not vacuum- 


treated between tests on the film.) The 
short times to failure in oil must be due to 
concentration of the corona at micro¬ 
scopic air bubbles. Even in the absence 
of bubbles initially it is probable that, if 
the dielectric strength of the oil is ex¬ 
ceeded locally, the local breakdown of the 
oil will produce gas, forming bubbles. 

In Fig. 6 are illustrated data obtained 
on a thick glass melamine laminate tested 
in oil. It should be noted that the times 
to failure here are very short for rather 
low gradients compared to the times to 
failure of the mylar and nylon films tested 
in air. Very likely the concentration of 
corona at microscopic surface bubbles 
accelerated the failure as it did in the case 
of the mylar immersed in oil. It is pos¬ 
sible that corona in microscopic internal 
voids in this laminate also speeded the 
breakdown. Skow and Belsterling* have 
published data on the voltage endurance 
of a number of other laminates tested in 
oil. They did not discuss the reason for 
the decreasing dielectric strength with 


time, but it was probably due to corona. 

The possibility of breakdown due to 
thermal rise (dielectric heating) in the 
case of the melamine laminate was con¬ 
sidered, since such failure might show a 
similar time effect. It was discarded 
when it was found that intermittent ap¬ 
plication of voltage, with long periods of 
rest between, produced failure in almost 
the same cumulated time as continuous 
application of voltage. Furthermore, an 
examination of the surface of samples 
which had been exposed to voltage for 
several minutes, but had not yet failed, 
showed erosion pits, as illustrated in Fig. 
7. This microscope photograph of a 
laminate surface shows the rapid and per¬ 
manent damage produced by corona 
(under oil in this case). 

It is not necessary that the corona be 
from a metal electrode, as is shown in 
Fig. 8 where the corona occurred between 
the surfaces of the enamel on twisted 
pairs of no. 16 enameled wire. The time 
to breakdown in this case is quite com- 
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parable for the same average voltage 
gradient to the time to breakdown for the 
nylon and mylar films with metal elec¬ 
trodes. The wire enamel is a phenolic 
modified polyvinyl formal resin. 

An examination of the cross section of 
one of the enameled wires, shown in Fig. 
9, after breakdown, shows that the aver¬ 
age erosion is about 30 per cent of the 
thickness. At points it must exceed this 
to a depth sufficient enough that the di¬ 
electric strength of the remaining film jg 
exceeded. A careful examination of the 
dark ring, which is the enamel illustrated 
^ shows that erosion is a maxi¬ 

mum at two points (indicated by the ar¬ 
rows) away from the point of contact of 
the two round wires (indicated by the 
line). This is because the air gap thick¬ 
ness, which increases from zero at the 
point of contact, reaches an optimum 
value for breakdown at these other points, 
according to Paschen’s curve of air break¬ 
down voltage as a function of the product 
of gap spacing and pressure. Since the 
air breakdown voltage increases steeply 
for very small gaps, less erosion is noted 
very close to the point of contact to the 
cross section of the other wire (not shown). 
This photograph was made by casting the 
wire in a low melting alloy, cutting the 
casting, and (roughly) polishing it. The 
vertical streaks are polishing mar ks. 



Rg. 7. Corona pit in glais melamine laminate 


Voltage Endurance and Corona 
Intensity 

If the decreasing dielectric strength 
with time of voltage application is due to 
corona, it can be expected that the time to 
failure would be inversely related to the 
corona intensity. The approximate paral¬ 
lel between the time to failure and the re¬ 
ciprocal corona intensity is shown in Fig. 
10 for nylon film. The corona intensity 
measured here is proportional to the volt¬ 
age amplitude and the number per second 
of corona discharge pulses. It was ob¬ 
tained using a wide-band amplifier with 
an output meter which had a long time 
constant. The proportionality to both 
voltage and number of pulses per second 
was determined by using a calibrating 
pulse generator. 

An important factor affecting the 
corona discharge repetition rate is the 
frequency of alternation of the voltage. 
With direct voltage, a corona discharge 
streamer in series with a dielectric surface 
charges the surface to a voltage which 
prevents further discharge streamers from 
occurring until the applied voltage in¬ 
creases further, decreases, or reverses or 
until the surface charge leaks off by sur¬ 
face or volume conductivity. Thus, with 
a steady direct voltage, corona discharges 
appear very intermittently. It was de¬ 
termined that in the case of a solid non- 
porous sheet of dielectric, electrode edge 
corona in air with direct voltage was less 
by a factor as much as 10® than with 60- 
cycle voltage of equal crest value. 

In fact, the d-c corona discharges came 
at such a low rate that the output in¬ 
tensity meter time constant was not long 
enough to record a steady reading Some 
d-c corona measurements attempted with 
a porous insulation (an unimpregnated 
sheet of paper pressboard) showed higher 
relative intensity than with electrode edge 
corona. However, the intensity was still 
lower by a factor of the order of 100-to- 
1,000 than with 60-cycle a-c corona on the 


same material. 

If the corona discharge rate is limited 
by surface charges, then increasing the 
frequency of voltage alternation will in¬ 
crease the repetition rate of discharges and 
correspondingly the rate of attack on the 
insulation. British authors®- 11 have 
done a thorough investigation of corona 
discharges with internal voids, especially 
in polyethylene cable. They find that the 
life of cables which have discharges is in¬ 
versely proportional to the frequency of 
the applied voltage. It is possible that 
some of the observed decreasing dielectric 
strength of insulation with frequency is 
due to corona. How big a factor the 
corona is compared to dielectric heating 
in higher frequency breakdown needs 
further study. 

Effect of Dielectric Thickness on 
Time to Failure 

Tests of corona breakdown in air are 
much easier with thinner films than with 
thick, because edge corona on thick sheets 
of insulation spreads out to such an ex¬ 
tent that surface flash-around becomes a 
serious problem. Consequently, a major¬ 
ity of the corona breakdown tests de¬ 
scribed in this paper have been done with 
thinner dielectrics. Tests at lower aver- 



Flg. 9. Cross section of enameled wire show* 
ing corona erosion 
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Fig. 12. Corona erosion breakdown of 1 /8-inch plastic sheet 


Fig. 11. Voltage endurance, nylon film 

age voltage gradients can be done without 
much difficulty, but they require long 
times to complete. Some of these are 
under way at present. 

In Fig. 11, tests on nylon film show that 
at the same voltage gradient the thickness 
has less effect on the time to breakdown 
at the higher gradients. The relatively 
small variation of time to breakdown with 
thickness for the same voltage gradient is 
also shown in Fig. 5 where 2-mil mylar is 
compared at average gradients of 600 
volts per mil and above. 

Tests have been made on polyethylene 
at thicknesses from 4 mils to 30 mils, each 
at the same gradient of 600 volts per mil. 
Over this wider range of thickness, the 
time to breakdown did not vary appre¬ 
ciably. Tests are now in progress at lower 
average gradients on this material. 

A test on a 125-mit polyester-styrene 
polymer sheet at 240 volts per mil pro¬ 
duced failure in 1,007 hours. It can be 
estimated from data on thinner sheets 
that a 5-mil film of this material would 
have failed in about 600 hours at this same 
gradient. This comparison shows even 
less dependence of the breakdown time on 
the thickness for the same applied gradi¬ 
ent than is indicated by Fig. 11. This 
polymer sheet after failure is shown in 
Fig. 12. Deep etching by the corona 
radiates away from the electrode edge 
with little evidence of carbonization ex¬ 
cept at the breakdown hole. 


Dependence of Voltage Endurance 
on Materials and the Mechanism 
of Breakdown 

To compare the voltage endurance of 
different materials, it is necessary that 
they be tested at the same voltage gradient 
and preferably also the same thickness, al¬ 
though the latter factor appears to be less 
critical. An examination of Table I will 
show that all of the plastic materials have 
about the same order of voltage endur¬ 
ance with the exception of the fluorinated 
polymers, Kel F and Teflon. At least two 
of the resin-impregnated mica papers ap¬ 
pear to be much more resistant to corona 
than the resins alone, and the mica split¬ 
tings are very superior. 

In the case of the mica papers, it seems 


that the mica flakes protect the resin 
beneath from the corona bombardment 
and give in some cases a large measure of 
imp rovement in the corona resistance. 
Another example of the protective ef¬ 
fect of an inorganic filler on the corona 
resistance is found in silicone rubber, some 
data for which are shown in Table II. 
Comparative data are also given for an 
unfilled resin coated, by dipping, onto a 
glass doth. It can be seen that the un¬ 
filled silicone resin is only a little better 
if any, than the other organic resins in 
Table I (with the exception of the fluo¬ 
rinated resins). The glass cloth may give 
slight protection to the resin, but some 
tests on the silicone rubbers show very 
long times to failure. Unfortunately, the 
thinner samples for which tests are shown 
here have low average times to failure. A 
few tests which have lasted very long 


Table I. Comparison of Voltage Endurance of Film Materials in Presence of Corona 


Hours to Breakdown 


Thickness, 

Mils 


Volts per 
Mil 


Standard 

Deviation 


Polyethylene. 4 • 4 .... 

Mylar.£•4. 600. 

Polystyrene....6 . 

Nylon.5 600, 

Silicone*.6.5.... 615 

Polyester-styrene 

Resin.5 683 

Kel F.....6 . 600, 

Teflon.6 600 

Mica paper Af.6.2. 677 

Mica paper Bt.6.2. 577 

Mica paper Ct.6.0. 510 

Mica splittings. 1 i’nno 

Mica splittings .1 ...* ’ w 


. 53 . 

.20 

. 27.2. 

. 8 

_ 74 . 

. 22 

. 36 . 

. 7 

. 74 . 

. 46 

. 33 . 

. 12 

..... 7.1. 

. 2.3 

. 5.7. 


.4,100 . 

.750 

_ 109 . 

.40 

.1,218 . 

.383 

>1,500 . 


i. 572 . 

.519 


* General Electric 81132 on 4-mil glass cloth. 

f Experimental 3-sheet laminates vacuum-impregnated with organic solventless thermosetting resin. 


May 1954 


Dakin, Philofsky, Divens—Effect of Discharges on Insulation 


















































Table II. Voltage Endurance, Silicones in Presence of Corona 



Thickness, 

Mils 

Volts per 
Mil 

No. 

Tests 


Time to Failure, Hours 

Silicone Rubbers 

Average 

Range 

No. 1. 

_ 0 . 

.324. 

... 5... 

_324. .. 

. . (50, 157, 365, 525, 525) 

No. 2. 

.... 8 . 

.400. 

... 5... 


. .(62, 80, 91, 181, >3,450) 

No. 3. 

.... 7.5. 

.445. 

... 5... 


. .(0.1, 0.2, 706, 1,192, >3,478) 

Glass backed wrapper.. 

....11.5. 

.400. 

... 5... 

_152. ., 

. .(95, 96.5, 153, 182, 234) 

Silicone Resins 

Treated Glass 

Cloth* 

Resin A. 

_ 6.5. 


...10... 

74... 

.. (Standard Deviation 46) 

Resin B. 

_ 6.5. 

.....615..... 

...10... 

....168... 

. (Standard Deviation 88) 


* 4-mil glass cloth treated by dipping. 


Table III. Voltage Endurance of Mica Splittings'" in Presence of Corona 



Thickness, 

Mils 

Volts per 

MU 

No. 

Tests 

Time to Failure, Hours 

Single Splittings 

Average 

Range 


1. 

....1,000. 

_6... 

..>1,524.... 

...No failures 


1. 

_2,245. 

-8... 

- 572.... 

.. .(0.3, 0.3, 99, 389, 

769, 818, 1,102> 1,485) 

Stacked Splittings 

1. 

....2,600. 

....10... 

.... 800.... 

.. .(0.9, 1.3, 41, 41, 

853, 864, 1,817, 2,346, 
others >2,875) 

Two 1-mil sheets. 

9. 

....1,500. 

_5... 

_ 680.... 

.. .(0.9, 455, 670, 1,086, 
1,216) 

Two 1-mil sheets. 


....2,000. 

.... 5... 

.... 1.8. 

...(0.2, 0.3, 2.2, 2.6, 

3.2) 

Five 1-mil sheets. 

(Sheets 2 and 4 sepa¬ 
rated at center 
under electrode) 


... 900. 

_ 5.... 

..>2,700. 

,..(2,712, others >2,800) 


* 4-firsts Indian Muscovite Mica. 


without failure indicate the high intrinsic 
corona resistance possessed by this ma¬ 
terial with the inorganic (silica) filler. 

The wide dispersion of the test results 
obtained with the silicone rubbers and 
also with the mica papers illustrates the 
importance of defects in determining the 
voltage endurance. The voltage endur¬ 
ance appears to be affected by defects in 
much the same way as the dielectric 
strength. If there is a point within the 
area covered by the corona which is 
weaker in dielectric strength or in resist¬ 
ance to corona, the corona streamers will 
seek it out and erode through at that 
point. Filled materials which derive their 
corona resistance from the filler, such as 
the silicone rubber and the mica papers, 
are much more likely to have these weak 
points since the filler is susceptible to non- 
uniform dispersion. Furthermore, thread 
or filaments of other organic material 
(dust, for example), if present in the 
material, can easily form paths of low re¬ 
sistance to corona nearly through the 
material. 

Thicker sheets of the silicone rubber are 
likely to be uniformly better, since it is 
less likely that a defect or impurity would 
be large enough to penetrate a large por¬ 
tion of the thickness. 

The mechanism of the corona attack is 
believed to be largely an electron bom¬ 
bardment of the material. Energetic 
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electrons present in the corona streamers 
impinge on the surface, exciting the 
molecules sufficiently to produce rupture 
of chemical bonds and molecular frag¬ 
ments, which often recombine to low 
molecular weight volatile products. 

The process can be considered in many 
respects analogous to the disruption of 
molecules by electrons in the ionization 
chamber of a mass spectrograph. Ozone 
attack can also occur, but is probably 
secondary, since tests on plastics in inert 
gases (Argon and Neon) by Brodhun and 
Perkins 12 - 13 produced failures in about the 
same time as in air. 

Organic materials are susceptible to 
decomposition by energetic electrons to 
low molecular weight volatile products, 
but inorganic materials are less so. The 
structure of inorganic materials can be 
slowly disrupted by energetic electrons, 


resulting in the formation of new com¬ 
pounds or local recrystallization. Volatili¬ 
zation is less likely because of the low 
vapor pressure of inorganic decomposition 
products. Furthermore, with inorganic 
materials, because of their regular struc¬ 
ture, there is greater chance for recom¬ 
bination of the original structure after 
atoms or ions are displaced. For these 
reasons mica has demonstrated a great 
superiority in corona resistance over all 
organic materials tested. 

Mica, however, has weak points, as 
shown in a number of tests at high gradi¬ 
ents by the wide dispersion of test results; 
see Table III. At a gradient of 1,000 volts 
per mil, no failures occurred in greater 
than 1,500 hours, but at gradients over 
2,000 volts per mil the failure times ranged 
from less than an hour to greater than 
several thousand hours. The superiority 
of mica splittings over the best mica paper 
laminate is demonstrated by a comparsion 
of the data in Tables I and III. 

The abnormally short failure times 
which have already been noted in Table 
I for the fluorinated polymers are under¬ 
standable if it is pointed out that these 
fluorinated compounds are subject to de¬ 
composition by low energy electrons of 1 
to 2 electron volts by virtue of the large 
electron affinity of the fluorine. The re¬ 
lease of a fluorine ion, which can initiate 
the decomposition, can be considered as 
the sum of two reactions for which the 
energy relations are approximately known: 

RF—*-R'+F'— 4.54 electron volts 

e+F'— »F~+3.58 electron volts 
e+RF-*-R'+F~—0.97 electron volt 

In the foregoing equations R represents 
the remainder of the carbon-fluorinemole- 
cule. The carbon-fluorine bond energy 
given was that for a partially fluorinated 
compound. It may be somewhat higher 
for a completely fluorinated compound. 

No reaction requiring such low electron 
energies can readily be postulated for 
other nonhalogenated organic polymers, 
but since a reaction is possible in the 
fluorine polymers it can be understood 
why the decomposition of such polymers 


a 

Fig. 13 (right). Voltage en- ^ 
durance of 2x1.75 mils of g 
Teflon Rlm 
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would proceed more rapidly in the pres¬ 
ence of corona. At any given voltage 
gradient, corona streamers would contain 
more electrons of sufficient energy to de¬ 
compose these fluorinated polymers. 

Tests which were made on Teflon dem¬ 
onstrate another effect of defects on the 
voltage endurance. To check the volt¬ 
age endurance of Teflon, parallel tests 
were run in the DuPont Laboratory by 
Mr. Brodhun and in the Westinghouse 
Research Laboratory. The same sheets 
of plastic were tested in both laboratories, 
but 1/4-inch-diameter electrodes Were 
used in the DuPont Laboratory and 1/2- 
inch-diameter electrodes in the Westing- 
house Laboratory. The results shown in 
Fig. 13 were obtained. Use of a larger 
electrode produced shorter average break¬ 
down times. Such behavior can be ex¬ 
pected where data show a dispersion due 
to weak points. Larger area electrodes 
include more of the weaker points and 
give average results closer to the mini¬ 
mum of tests with smaller electrodes. 

It should not be construed that Teflon 
is unique in this respect. In Table I are 
given the standard deviations of test re¬ 
sults on other plastic films and from these 
it can be predicted that larger electrodes 
would have given shorter breakdown 
times and how much shorter. 

Summary 

The effect of corona on the long-time 
dielectric strength of insulation is em¬ 
phasized in this paper, and various factors 
influencing the breakdown of insulation 
with corona are discussed. Data on the 
corona threshold voltages on dielectric 
surfaces at electrode edges show that the 
threshold voltage varies for a wide variety 
of dielectrics only as the ratio of dielec¬ 
tric thickness to dielectric constant. 

The time to failure with corona varies 
inversely as the corona intensity, which 
is very low with direct current and in¬ 
creases with the frequency of applied 
voltage. It is shown that the dielectric 
strength in the presence of corona begins 
decreasing at the first cycle of alternating 
voltage and appears to level off only at 
the corona starting voltage. 

The voltage endurance with corona 
does not vary much with dielectric thick¬ 
ness of unfilled resins for the same applied 
voltage gradient. 

It has been noted that the time to fail¬ 
ure with corona is strongly affected by 
weak points or defects in the insulation, 
which produce early failures. This is es¬ 
pecially true with inorganic filled ma¬ 
terials which derive their corona resistance 
from the filler, notably impregnated-mica 


papers and silicone rubber. Fluorinated 
polymers have been shown to erode more 
rapidly with corona due to the low-elec¬ 
tron energy required to decompose them. 
Other organic resins tested all appear to 
have the same order of magnitude of re¬ 
sistance to corona. 
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Discussion 

G. M. L. Sommerman (Battelle Memorial 
Institute, Columbus, Ohio): The curves of 
constant-stress life versus thickness in Fig. 
11 are very interesting, in that they show an 
increase in life with increasing thickness. 
In ionization-free short-time breakdown 
tests, other investigations have yielded data 
which can be transformed to constant-stress 
life, T=kd n , where d is the sample thickness 
and n is less than, or equal to, zero, depend¬ 
ing on whether or not thermal effects are 
present. The fact that n is greater than 


zero in the authors’ tests means that sub¬ 
stantially more time is required for ioniza¬ 
tion of approximately the same intensity to 
cut through the thicker samples to the point 
where complete failure finally occurs. The 
last stage of failure may be disruptive or 
thermal in character, depending on the elec¬ 
tric conductivity of the sample, and, once 
started, probably proceeds very rapidly. 

It is probable that thermal effects do not 
influence significantly the insulation life 
measured in these tests. This is because 
the tests were made at room temperature, 
and, in many cases, on relatively thin 
samples. The conventional way of check¬ 
ing for thermal effects is to make other 
tests at higher temperatures. Another 
way, applicable in these tests, is to make 
other tests at higher air pressures. These 
tests may not be conclusive unless the pres¬ 
sure is raised enough to eliminate corona 
altogether. 

It would be of interest to know if the 
corona-detection equipment was used in 
the life tests on liquid-immersed samples 
included in Fig. 5, If so, was corona de¬ 
tected? 

It would also be of interest to know if the 
samples were conditioned at a definite 
humidity prior to and during the tests. 
This may not be very important for many 
of the materials tested, but for nylon, which 
absorbs an appreciable amount of moisture 
at even moderate humidities, there may be a 
significant effect. 

T. W. Liao (General Electric Company, 
Pittsfield, Mass.): The results obtained by 
the authors are very interesting and inform¬ 
ative. The emphasis of the paper is more 
on the tests in air than in oil. Accordingly, 
the reasons given for the short-time failures 
in oil are not as extensive and positive as the 
rest of the discussions. The following re¬ 
sults, which were obtained at the General 
Electric High Voltage Laboratory in 1960, 
might give insight into the breakdown proc¬ 
ess. They specifically support one of the 
authors’ explanations, namely: “Even in 
the absence of bubbles initially—the local 
breakdown of the oil will produce gas, form¬ 
ing bubbles.” 

Electric discharges in oil are liable to 
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PREVIOUS CORONA EXPOSURE TIME (MIN) 
(SEE FIG. 14) 

Fig. 15. Per-cent reduction of puncture 
strength of pressboard previously exposed to 
discharges 

cause damage to organic solid insulation. 
Once they start to impinge on the insulation, 
the intensity usually increases rapidly with 
time, resulting in a progressive deteriora¬ 
tion, and finally an ultimate breakdown of 
the solid insulation. Fig. 14 shows the in¬ 
crease in the relative discharge intensity 
with time from a small-diameter-sphere gap 
with an intervening oil-impregnated press- 
board barrier for two applied voltages. Gas 
bubbles were observed and progressive vis¬ 


ible damage was noted. The increase in 
discharge intensity was apparently due to 
both bubbles and the deterioration of 
the pressboard. Accordingly, the electric 
strength of the pressboard decreased with 
the time of exposure to the discharge. Fig. 
15 shows the per-cent reduction in the punc¬ 
ture strength of the same pressboard sheets 
exposed to the electric discharges of Fig. 14. 
The puncture strength, determined with 
two l 1 / 2 -inch-diameter flat electrodes, de¬ 
creased considerably for the long corona ex¬ 
posure, indicating electrically the damage 
produced by the discharges. A statement 
can thus be made from the foregoing re¬ 
sults that the intensity of discharges in oil 
increases rapidly with time, causing pro¬ 
gressive weakening of the insulation, and 
consequently resulting in a short time to 
failure. 


T. W. Dakin, H. M. Philofsky, and W. C. 
Divens: Dr. Sommerman referred to tests 
presumably described in the literature, 
which showed a decreasing or constant volt¬ 
age endurance with increasing sample thick¬ 
ness at a constant voltage stress. This is in 
contrast to the results described in this 
paper, and to more recent tests not yet 
published extending those reported here. 
It has been found to be consistently the case 
that at lower stresses of the order of 400 
volts per mil or less that the voltage endur¬ 
ance increases with thickness, and more 
steeply the lower the voltage stress. At 
higher stresses, the variation with thickness 
tends to decrease. The tests referred to by 
Dr. Sommerman could possibly have been 


tests in which internal dielectric heating 
occurred. This would have resulted in a 
higher internal temperature with thicker 
samples and the sort of dependence quoted 
by him. 

We have used our corona-detection appa¬ 
ratus for detecting discharges with liquid- 
immersed solid dielectrics. The intensity 
of discharges at the threshold voltage is ex¬ 
tremely low, but is observed to increase 
rapidly with time at voltages somewhat 
above the threshold. This is in agreement 
with the results reported by Dr. Liao. The 
increasing intensity with time is believed to 
be associated with the increasing size and 
number of gas bubbles. The gas is formed 
by decomposition of the liquid, and is, in 
the case of mineral oil, very likely largely 
hydrogen. Some gas may also come from 
decomposition of the solid. The majority 
of our work in detection of discharges in 
liquids has been on thin capacitor dielectrics 
where such discharges lead to failure in time 
when they continue to occur. The phenom¬ 
enon is general, however, wherever the di¬ 
electric strength of the liquid is exceeded lo¬ 
cally, and is not restricted to any particular 
system. 

The tests described by Dr. Liao confirm 
very clearly the permanent nature of the 
destruction caused by discharges at electrode 
edges in alternating voltage tests. This, of 
course, is what produces the decreasing di¬ 
electric strength of pressboard with time 
as discussed in reference 6 of the paper. 
Most of the tests described in the paper were 
run at an ambient humidity of about 40 per 
cent (relative), but no attempt was made to 
control it. 


Application of Network Theory to the 
Analysis of Rotating Machinery 

Part I—Synchronous and Asynchronous Machines 

H. E. KOENIG 

ASSOCIATE MEMBER AIEE 


A S the technology of engineering pro¬ 
gresses a point is sometimes reached 
where, by the expansion and generaliza¬ 
tion of certain basic concepts, two or more 
seemingly unrelated areas of study can be 
brought together and shown to have a 
common origin. The common origins are 
very important to those in the teaching 
profession, where the rapid expansion of 
the engineering profession demands that 
an ever-increasing amount of technical 
understanding be developed in the stu¬ 
dent with little or no increase in student 
contact time. Without these common 
the necessary increase in teach¬ 
ing efficiency would be difficult to attain. 
One of the purposes of this, the companion 


paper, 1 and a conference paper, "General 
Network Theory in Terms of Matrix 
Algebra” by M. B. Reed, is to show that 
by expanding our general network theory 
and concepts as we now think of them, 
and by taking a slightly different and 
more general viewpoint toward the rotat¬ 
ing machinery problem, these two areas 
of technology can be built on a co mm on 
and rigorous foundation which results in a 
dearer and broader understanding of 
both areas, and at the same time will per¬ 
haps provide for a more effident teach¬ 
ing program. 

For those engaged in industrial ac¬ 
tivity, it is believed that the type of 
analysis presented here has practical value 


in that it presents a general method 
whereby all types of rotating machinery 
can be analyzed along with their asso¬ 
ciated networks to obtain both steady- 
state and transient performances. The 
rotating-field concepts and the steady- 
state characteristics, as we usually think 
of them, appear as a particular solution to 
the more general problem. Thus, the 
thesis here is not a question of abandon¬ 
ing all the present concepts and tech¬ 
niques used in machine analysis in favor 
of new ones, but of expanding the present 
view-points to develop a method for 
solving the more complex problem. 
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If the general network theory presented 
in M. B. Reed’s paper is used as a starting 
point, the problem of analyzing rotating 
machinery appears simply as an electric 
network problem in which there is rela¬ 
tive motion between some or all of the 
elements of the network. Thus, perhaps 
it would be well to refer to the rotating 
machine as a “dynamic network.” To 
extend the general theory of static net¬ 
works to the dynamic case, it is only 
necessary to develop methods for han¬ 
dling the variable coefficients that appear 
as a result of the relative motion be¬ 
tween the rotor and stator. 

It is the purpose of this paper to ex¬ 
tend the static network theory presented 
in M. B. Reed’s paper to the dynamic 
case, and to outline a general and rigor¬ 
ous method for analyzing the rotating 
machine and its associated network by a 
single basic technique applicable to all 
types of machines. The synchronous and 
induction machines are used as examples 
to demonstrate the general procedure for 
noneommutating machines. The prob¬ 
lem of the commutating machine is con¬ 
sidered in reference 1. 

The treatment given in this paper is not 
intended to be an exhaustive one, but 
rather au introduction to the author’s 
viewpoints on the subject. It is hoped 
that the viewpoints presented here will 
help to stimulate new interest in the 
rotating machinery problems. The idea 
that the rotating machine can be con¬ 
sidered as a network with time-varying 
coefficients is not new, and many of the 
results arrived at in this paper have been 
arrived at by previous authors using many 
varied methods of analysis. 2 ' 3 * 4 How¬ 
ever, the analysis as presented in this 
paper avoids the undue complexities of 
“primitive network” concepts and tensor 
analysis present in much of the previous 
work in this area. To repeat, it is be¬ 
lieved that the unity and fundamental 
characteristics of the method presented 
here will lead to a greatly enhanced 
understanding of rotating machinery 
problems and to a marked increase in the 
complexity of the problems that can be 
solved. 

The machine constants used in these 
analyses can be evaluated by familiar 
and conventional methods if the proper 
interpretation is used. 

Nomenclature 

N omeuclature not confined in the pa¬ 
per or which is not obvious from the net¬ 
work diagrams is defined as follows: 



r p = phase resistance of primary (armature) 
windings 

r B = phase resistance of secondary windings 
La “maximum inductance of primary 
(armature) phases 

L t “minimum inductance of primary (arma¬ 
ture) phases 
LoHLd+L t )/ 2 
Z,»=(L(j—Z,j)/2 

M &=maximum coupling between phases 
M t <= minimum coupling between phases 
Mo=>(M a +M g )/2 
M ,=( Ma—Mq)/2 

L a = inductance of secondary phases 
M s “coupling between secondary phases 
Mn “maximum coupling between rotor and 
stator mesh circuits 
angular position of rotor 
S“ angular displacement between primary 
(armature) phases 

A “angular displacement between secondary 
phases. 

Assumptions, Reference Systems, 
and Definitions 

To aid in formulating the problem, it is 
convenient to consider the analysis of the 
rotating machine in three major parts, as 
follows: 

1. Establish a set of differential equations 
describing the performance of the machine 
in terms of circuit parameters. 

2. Evaluate the circuit parameters in terms 
of machine dimensions. 

3. Solve the resulting equations to obtain 
the general transient response or the fre¬ 
quency response. 

Only the first part of the problem is 
considered in this paper. Unless other¬ 
wise stated, the analysis that follows is in¬ 
tended to be rigorous and complete for 
machines satisfying the following ideali¬ 
zations: 

1. Both sides of the air gap are to be free 
from winding slots. 

2. All inductances of the machine are inde¬ 
pendent of current over the operating range. 

3. The iron portions of the machine are 
free of eddy currents. 

4. Capacitance between conductors is 
negligible. 

5. All harmonics above the second are 
negligible. 

If only the steady-state solution is de¬ 
sired, the first and last limitation can 
easily be relaxed. For balanced condi¬ 
tions of operation, the variation in the in¬ 
ductance terms with current can be in¬ 
cluded by graphical means. 

For the sake of simplicity, the anal¬ 
yses are in terms of one pair of poles and 
all angles are in electrical radians or de¬ 
grees. Since only the relative motion be¬ 
tween the rotor and stator is important, 
the armature will always be taken as the 
rotating member. All equations are 
written in matrix form following the con¬ 


ventions used in M. B. Reed’s paper. 

Since the inductance coefficients may 
be functions of time, it is necessary to 
write inductance voltage expressions as 

d , d , d 
—^Mjkik) = A^A:~4+ ik~MIk 

Magnetic polarization marks are used 
on all coils of the machine, their location 
with respect to the terminals being com¬ 
pletely arbitrary. However, once they 
are established they determine uniquely 
the sign on both the mutual inductance 
voltage terms, (d/dt)(M jk i k ), in the differ¬ 
ential equations, and the sign of the mu¬ 
tual inductance M Jk , in the following 
way: 

1. The (d/dt)(Mj k i k ) term is entered in the 
voltage equation with the same sign as the 
(d/dt)(Ljij) term if thejth and feth reference 
currents are both into (away) from the 
marked terminals. Under all other con¬ 
ditions the signs are opposite. 

2. When the physical orientation of the 
two coils in question is specified, the magni¬ 
tude and sign of the mutual inductance Mj k 
can be evaluated by passing a current into 
the marked terminal of the &th coil and 
evaluating the integral J"B k -dA over the 
area of thejth coil. Positive area is on the 
left of an observer traveling around the 
winding from the marked to the unmarked 
terminal; dk is the outward normal to the 
area; and B* is the vector magnetic-flux 
density resulting from the current in the feth 
coil. 

t 

The 2-Winding Transformer 

To help the uninitiated to became 
oriented into the techniques of matrix 
algebra and to develop the concept of the 
transformation of variable used in this 
paper, matrix algebra is used to derive the 
equivalent circuit of the 2-winding trans¬ 
former, a problem which is familiar and to 
which the answer is known. 

The connection diagram for a 2-wind¬ 
ing transformer along with an appro¬ 
priate set of mesh circuit is shown in Fig. 
1 . Using standard network theory, the 
two complex impedance equations for 
this network are 


Vi = (,ri+jaLi)Ii —juMuh 

(1A) 

— Vi — ~j(aMnh-\-(ri-\~juLz)h 

or in matrix form 

(IB) 

r vil fzx Thl 

L-vJ L-z ls zJL/J 

(2) 

where 


• • 


i ~a«i ^ f 

Fig. 1 . Connection diagram of a 
transformer 

2-winding 
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Fig- 2. Equivalent circuit of a 2-winding 
transformer 


Zi — n-\-juLi 
Z% — 

Ziz =»jtaMn 

Using the symbolic notation of matrix 
algebra, equation 2 can be written simply 
as 


*0 = 34 


(3) 


In the usual transformer, LJi and 
Mx‘iX- 2 . are of the same order of magnitude 
and nonlinear. If a transformation of 
variable can be effected which results in 
coefficients which are the difference of 
these two quantities, a much higher de¬ 
gree of accuracy will result and the co¬ 
efficients will be more nearly linear. 

Define a new set of voltage and current 
variables such that 


'O c = e i Uandtf c =e-i£f (4) 

where 



% n — turns ratio of the transformer, Ni/Nj. 


The transformation of variable is for¬ 
mally effected by multiplying equation 3 
by G 1 and replacing d by Qd e . 


V c =*Q'de3 e (6) 


By forming the matrix products indi¬ 
cated in equations 4 and 6, the detailed 
expression of the equations of the net¬ 
work in terms of the new variables is 


r * i 

Lvi— nVj 

L(z a - 


(Zi— nZu) 
nZuXZi— «Zi2+ n 2 Zi —«Z«) 


]x 




These two equations can now be repre¬ 
sented by the network of Fig. 2 where 

Xi =w(Z.i— nMn )=leakage reactance of the 
primary 

Xa =to( w 2 L 2 —nMn ) = leakage reactance of 
the secondary referred to the primary 

i? 2 * nP-ri 

X m —unMn =magnetizing reactance 

From empirical considerations, a resist¬ 
ance can be added in parallel with X m to 
approximate the core losses. 

By studying the symmetry of the im¬ 
pedance matrix and the results presented 
here, it becomes evident that the same 
type of transformation of variable can be 
used to an advantage in the study of 
the multiwinding transformer. All leak¬ 
age reactances are proportional to the 
difference between two inductances, the 
inductances being defined in terms of 
flux-density integrals over certain well 
defined areas. Since there are no defi¬ 
nite laws of network synthesis available, 
it may be difficult to draw a circuit cor¬ 
responding to the transformed equations 
of the multiwinding transformer. How¬ 
ever, this does not destroy the usefulness 
of the transformation, for the equivalent 
circuit diagram only serves to give a pic¬ 
torial representation of the information 
already contained in the equations. 

Unfortunately there is no apparent 
direct method available for deriving the 
transformation used in this and the fol¬ 
lowing examples. Indeed, there is more 
than one transformation that will ac¬ 
complish the same objective. Usually the 
transformations result from a thorough 
study of the symmetry of the d matrix 
and by a method of cut and try. 

Three-Phase Synchronous Machines 

Just as in the analysis of any complex 
network, a good map of the machine is 
most essential. In addition to showing 
the connections between the elements of 
the network, a good map must contain: 

1. A complete set of references for all 
element voltages. 

2. A complete set of references for all 
mesh currents. 

3. All information necessary to determine 
the self and mutual inductances as a func¬ 
tion of rotor position. 

The maps are greatly simplified if induct- 


Fig. 4 (right). Con¬ 
nection diagram of 
a synchronous ma¬ 
chine 


R • L * 
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ance functions are determined from one 
map and then transferred to the second 
map by way of the polarization marks 
discussed in M. B. Reed’s paper. Figs. 3 
and 4 are examples of the two maps for a 
3-phase synchronous machine without 
damper windings. Although the damper 
windings could be included, they are 
omitted in this example for the sake of 
simplicity. 

Having established the necessary maps 
showing all the variables and their ref¬ 
erences, the differential equations can 
now be written for the network. For the 
present example, the network is suffi¬ 
ciently simple to allow writing the dif¬ 
ferential equations in terms of mesh- 
drcuit variables directly from inspection 
of the network. As shown in reference 1, 
it is sometimes necessary to write the 
equations first in terms of element vari¬ 
ables and then, by means of a matrix 
transformation of variable, express them 
in terms of the mesh-circuit variables. 

The mesh-circuit differential equations 
for the network in Fig. 4, as written from 
inspection of the network, are 


— i>i 

— Vi 

— Vz 


"n+PLi 

PMn 

PM al 


L PMn 


PMn 

Ti~\-PLi 

PMn 


PMn 


PMn i PMu ” 
PMn • PMu 
r 3 +PLz> PMn 

PMn k-f -PU_ 



( 8 ) 


To aid in manipulation, it is convenient 
to partition the three matrices of equa¬ 
tion 8 into submatrices as indicated by 
the dashed lines. A matrix equation can 
be partitioned into any conformable set of 
submatrices. 

Equation 8 can now be written in terms 
of the submatrices as 


Ui _ 3Dn£> 12 T 

_U 2 _ _3)2l3)22jL^2_ 


(9) 


where 5> u , Di, and are derivative func¬ 
tions, voltages and currents of the rotor 
(armature) circuits. £) 2 2, “0 2 and are 
derivative functions, voltages and eur- 


w 4 - 

L* 

rAA^TSWP-, 



1 L, 

r j w- 3 'ror'-, 

— V s-F--- 
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rents of the stator circuits. £>12 is the 
transpose of £21 and represents the 
coupling between the rotor and stator 
circuits. 

The self- and mutual inductance terms 
appearing in each of the submatrices ran 
be determined as a function of rotor 
position. 8 The results are 


( r V' 

>u- - 


+PL 0 ) —PM 0 -PM 0 ‘ 
■PM 0 ( r p +PL 0 ) -PM 0 
■PMo -PM 0 ( r p +PL 0 ). 


Thus far in this paper, only standard 
network theory has been used in estab¬ 
lishing the differential equations for rotat¬ 
ing machinery. However, since the re¬ 
sulting differential equations have vari¬ 
able coefficients, it is very difficult to ob¬ 
tain the general (transient) solution to 
these equations in closed form. The par¬ 
ticular (steady-state) solution is usually 


cos <f> 

y M rs cos (<£—5) 
_cos (<£—25)_ 


cos 2eos(2<£-5) M v cos(2<fi- 
9 cos (2 <t>—S) L* cos (2<j>— 25) M v cos 2<j> 

9 cos (2 <f> - 25) M t cos 2 <£ L„ cos (2 <f> - 5 


p—2S)~ 

-«) _ 


[n+PU] ( 12 ) 

ID«i **PM n [ cos <t> cos ( 4 >—5) cos (<£—25)] 

(13) 

As a general proposition, it is important 
to note that the above partitioning is a 
convenient one to use in machine analysis 
and that the elements of the £>n matrix 
(coefficients of the rotor mesh-circuit 
equations) and the elements of the SD 22 
matrix (coefficients of the stator mesh- 
circuit equations) are functions of the 
angular displacement between the rotor 
and stator if the stator and rotor, re¬ 
spectively, have irregular surfaces, where¬ 
as they are independent of angular dis¬ 
placement if the stator and rotor have reg¬ 
ular cylindrical surfaces. The 3D 12 and 
fDai matrices are always functions of the 
angular displacement between the rotor 
anti stator. Since the above-mentioned 
coefficients are always continuous periodic 
functions of the angular displacement, 
they can be represented by a Courier 
series, and as many harmonics, including 
slot harmonics, entered in the differential 
equations as required for a satisfactory 
solution to the particular problem being 
studied. 


4 ft 5 6 


somewhat easier to obtain, and can be 
obtained, under certain conditions, for the 
equations in their present form. The 
particular techniques to be used in pro¬ 
ceeding with the analysis depend en¬ 
tirely upon the solution desired and upon 
what simplifying assumptions are permis¬ 
sible. It is not the purpose of this paper 
to investigate the solution to all the 
special problems in rotating machinery 
no more than it is the purpose of a paper 
on network theory to investigate the 
solution to all possible networks, for this 
would indeed require volumes. The pur¬ 
pose is rather to outline a general pro¬ 
cedure with a few examples included to 
aid the reader in understanding the 
general procedure and to show that our 
present methods of machine analysis are 
indeed solutions to a more general prob¬ 
lem under very special and much sim¬ 
plified conditions. 

To accomplish this purpose, consider 
the problem of obtaining the steady-state 
solution to the set of differential equa¬ 
tions for the synchronous machine as 
given in equation 8 , the steady-state con¬ 
ditions of operation being defined as fol¬ 
lows: 

1 . Constant speed: <p—at. 




n+2 n+3 


xUT' 


• A 1 


2 H* u 8r «‘ Li 
,-vv^TreK. 

| 4 T\ 1 

L-V,;- 1 


-Vv^rnr? 

-v,*— 

B 


L-n+3 


/ 1 T\ 

-v,+- 


2 . Constant field excitation: r 4 = known 
constant. 

3. Continuous periodic armature terminal 
voltage: 

rM sin 

Vi = | V 2 j sin (w/+0 2 ) (14) 

_«sj LM sin ( at + 6 .\)_ 

Let the analysis be further limited to 
machines having uniform airgaps. M v — 
I/ # =0. Under these conditions, the 
steady-state current solutionis expected 
to be of the same form as the terminal 
voltages, namely 


"*il fl/.i sin («*+*)“ 
* 2 = |/ 2 | sin (at+t 2 ) 
. 13 J Lkai sin 


When these currents are substituted into 
the differential equations by forming the 
matrix products indicated in equation 9, 
there results 

*1 0 0 " ” L 0 —M 0 —M 0 

Vi=r p 0 10 0!+P -Mo Lo-Mo 
_0 0 1_ _—M 0 —M 0 L 0 _ 

"cos at 

di+PM rs cos (at—8) u (16A) 
_cos (at— 25)_ 


■p^m i/,i i/,|] 

"sin ^i+sin ( 2 wf+^i) 
sin (^ 2 + 5 )+sin (2at+\l/z— 5) + 

_sin (^ 3 +25)+sin ( 2 «f+t/' 3 —25)_ 

(r^PL t ]u (16B) 


Fig. 5. Induction 
machine 

A. Developed 
squirrel cage 

B. Connection dia¬ 
gram of squirrel cage 


Note that the matrix product £ 21^1 has 
resulted in two terms, see equation 16 
(B), one of which represents an armature- 
reaction flux-density field which is fixed 
with respect to the field winding, the 
other which represents a field rotating at 
twice synchronous speed with respect to 
the field windings. The double-frequency 
voltage terms appearing in equation 16 
(B) introduce double-frequency com¬ 
ponents in the field current, i 4 . When U 
is substituted into equation 16(A), it is 
dear that third-harmonic components of 
armature current result, and the assumed 
form of the armature current was not a 
correct one. It is also clear that the cor¬ 
rect form of the armature currents under 
the condition of unbalanced terminal 
voltages would be an infinite series. 

If the terminal voltages and currents 
are balanced 

M-M-M 

0i = 02 + 5 = 03+25 
|/x| - |/*|=|/#| 

\pi =^ 2+5 = ^ 3+25 

Under these conditions, the double-fre¬ 
quency voltages appearing in equation 16 
(B) s um to zero, leaving the field current 
14 completely independent of the arma- 
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ture currents. The assumed form of the 
current functions are correct and only 
tlie magnitude |/i| and phase angle pi of 
the armature currents remain to be de¬ 
termined. Any one of the three equa¬ 
tions represented by matrix equation 16 
(A) can be used to determine these con¬ 
stants. In particular, the equation for 
phase one specifies that 

— | Vi\ sin (ut+Oi)™[(r p +PL 0 )-PMo-PM t 

Upon following the usual techniques of 
circuit analysis whereby the sinusoidal 
functions in linear equations are repre¬ 
sented by the imaginary component of the 
rotating vector e 7 "*, the complex-imped¬ 
ance equivalent of equation 17 becomes 

— ViHrp+MLo-Moc-X-Mce-WM- 

(18A) 

or 

— V^irv+MLo+MoWi-wMnU (18B) 

where V\ and h are complex numbers. 

It can be shown that the inductance of 
one phase L 0 is approximately equal to 
twice the magnitude of the coupling be¬ 
tween phases M 0 , If leakage reactance 
per phase of the machine is defined as 

•taLi =w(L 0 —2M 0 ) (19) 

then equation 18(B) can be written as 

~ Vi “(?p +jti>(.Li-\-3M 0 ))Ii—uM rg it (20A) 
or 

— Vi**(r v +jx s )Ii - Eg (20B) 

which is the usual equation for the bal¬ 
anced operation of a synchronous machine 
with a uniform airgap. The leakage re¬ 
actance is clearly defined in equation 19 
and includes all the various components 
of leakage reactance appearing in the 
literature. 

If the saturation effects are included, 
the inductance coefficients in equation 10 
become functions of current. The de¬ 
rivative of such inductance-current prod¬ 
ucts takes on the fonn 

( 21 ) 


machines. In practice, this added com¬ 
ponent of voltage is approximated by 
using dynamic saturation curves for the 
armature iron. 

If either the transient or steady-state 
solution of the salient-pole synchronous 
machine is required, it is necessary to re¬ 


sin (tui-biA i) 

]|/i| sin (ut+\pi — 8) -(- uPM rs cos wt (17) 

_sin (ut+yf/i — 23)_ 


turn to the original form of the differential 
equations, as given in equation 1, where 
inspection of the coefficients of the equa¬ 
tions reveals a considerable amount of 
symmetry. That is, the coefficients of 
the SDn matrix are all simply related. The 
symmetry among the coefficients is a di¬ 
rect result of the uniform distribution of 
equal phase belts over the surface of the 
armature, and represents a property 
peculiar to the differential equations of 
practically every type of rotating ma¬ 
chine. It is this symmetry which leads to 
the important and most useful technique 
known as a transformation of variable, 
whereby a new set of current and voltages 
are defined in terms of the old currents 
and voltages, and the equations solved in 
terms of the new variables. Through the 
inverse transformation, the original cur¬ 
rents and voltages can be determined 
from the new or transformed currents and 
voltages. When matrix algebra is used, 
these transformations can be clearly and 
efficiently effected 

If, in equation 8, a transformation of 
variable can be effected which will diag¬ 
onalize the fi)[j matrix, then the new or 
transformed rotor currents are all inde¬ 
pendent. At the same time, it would be 
desirable to remove the variable coef¬ 
ficients in both the SD U and the SD (2 ma¬ 
trices. The 2-reaction theory introduced 
by Blondell is in reality a transformation 
of variable that accomplishes both these 
desired results. 

Let 


Since the field current in equation 17, 
*4, is independent of time, the nonlinearity 
introduced by saturation of the field poles 
and frame can be included in the analysis 
by the familiar graphical methods em¬ 
ploying the saturation curve of the ma¬ 
chine. However, in the first group of terms 
on the right side of equation 17, the co¬ 
efficients are multiplied by time-varying 
currents which give rise to an additional 
component of voltage, as indicated in 
equation 21; a point somewhat obscure 
lu the usual analysis of synchronous 


,$a = (B£fi and 'U 6 =(B'0| (22) 

where 

2 cos<£ cos(qfc—a) cos (<j> —25 )~ 

(B = - —sin </> —sin (0 — 5) —sin (0—25) 

d L 1/2 1/2 1/2 

(23) 

The inverse of (B is 

cos 0 —sin 0 l” 

(B -1 = cos (0—5) — siu(0 —5 )1 (24) 

_cos (0—25) —sin (0 —25) 1_ 

and the original currents and voltages are 


related to the transformed currents and 
voltages by 

di —© "'do and Vi = ttt (25) 

Upon multiplying the top row of equa¬ 
tion 9 by <B and replacing .4, by (II 
there results, 



where 


£> 62 = (BSD l8 

= (27) 

The detailed expression for lhe matrix 
equation 20 as obtained by funning the 
matrix products indicated in equation 27 
is 




where 



This transformation of variable has re 
suited in a set of constant coefficient dif 
ferential equations. The rotational volt 
ages, L a <f> and L u p>, are the only two terms 
off the main diagonal of the ti)„„ matrix 
and represent the only coupling bid ween 
the transformed armature currents. The 
transformed currents, voltages, and im¬ 
pedances defined by this transformation 
are usually referred to as the direct and 
quadrature axis components. 

It is important to note that since the 
transformation of variable is applied to 
the terminal voltages of the armature, 
it effects not only the coefficients of the 
machine, but all external elements in the 
three armature mesh circuits as well. 
Also note that since the transformation of 
variable has resulted in a derivative func¬ 
tion matrix that is not symmetric about 
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the main diagonal, tin* transformed equa¬ 
tions cumiol be represented hv a network 
of bilateral circuit elements, It is shown 
in M. It. Heed's paper that there is a cer¬ 
tain class of transformations that always 
results in a symmetric transformed ma¬ 
trix. 

Hi illation 2S can be solved under the 
most general conditions of operation to 
obtain the transient or frequency response 
if the impedances in tile 3 mesh ciriuits 
of the armature are equal. The steady 
state solution of these equations for a set 
of balanced 3 phase terminal voltages re¬ 
duces quickly and easily to the relatively 
simple steady state *.! reaction theory, if 
the general procedure of assuming the 
form of the current solution previously 
outlined is followed. These equations of 
course, can also be used to obtain the per 
formanct* of the uniform-air gap maehine 
previously discussed, and s *o represents a 
more general procedure 

Asynchronous Machines 

If the primary or armature of the in¬ 
duction machine i*> taken as the rotating, 
member, the ontv diffeteuee between the 
synchronous ami asynchronous machines 
is the number of primary amt secondary 
circuits and the manner in which they are 
excited. Imu example, the d phase squir 
rel cage induction machine has three pri 
mary eirettiK which are excited in tin* 
same mamu i as those of the synchronous 
machine, However, the secondary has 
as mum phases m mesh circuits as there 
are bars, none of which ate excited from 
an external volt aye source, 

before the differential equations for the 
squirrel cage induction machine can be 
written, it is necessary to repie eut the 
electrical projietties of the squirrel cage 
by an appropriate set of hiitqrd circuit 
parameters. A diagram of the developed 
squirrel cage is shown in Fig. di A j Since 
inductance t < only defined for closed eir 
euits, it is not possible to define and ob¬ 
tain an inductance coefficient • for each bar 
and end ring section of the cage. In 
stead, it is necessary t»* define the circuit 
parameters for I he secondary in terms of 
closed paths If the end rim: oti one side 
of the cage is considered to be momen¬ 
tarily ojH itcd between successive bars, us 
shown in Fig a(Aj. then between each 
pair of terminals, I f», *» t». etc . there is a 
definite obtainable value of induclanee 
and resist am a*. 

The map showing the connection 1 . 1 ic 
tween the set of circuit parameters de¬ 
scribing the electrical pro|**rties of the 
squirrel rage, along with the primary 
connections, then becomes that shown 


in log. a (.It), where /. 4 ,/a,. . . /.„+;{ repre¬ 
sent the induehmee of circuit 4-5,5-li.... 

I, respectively. The resistance of 
one. end ring connection between bars is 
represented bv r^ju, . . . ,r n +:t- 'Hie re¬ 
sistances of the bars arc represented by 

r/.ru . >V|Closing the openings in 

the end rings of log. o(A) is equivalent to 
short-circuiting points 4,5, . . . ,(h- 43) in 
lug. of It). Using the criterion established 
iu M. H. Reed's paper, a satisfactory and 
convenient set. of n mesh circuit currents 
for the network are clioscn, as indicated 
in Fig. a(lt). 

Tltc matrix equation for the induction 
machine is the same as that of the syn¬ 
chronous maehine given iu equation 0. 
Ity writing the differential equations for 
the network of Fig. f»(b), the elements of 
the fDn matrix are found to be the same as 
those given by equation it), with /, p and 
M, set equal to zero. For a squirrel cage 
rotor with evenly spaced bars, the ele¬ 
ments of the ;D t v and lD : .| matrices are 

COS f/> COS (</> — ii ) 

!SJi- •-* !ijji 1 • - /\t/ M eos (</* --()) cos ( 1/1 —5 —A 

_ei >s (</> — ) cos (</> 25 — 


relatively easy to solve these equations 
in their present form to determine the 
steady-state solution for any set of pri¬ 
mary terminal voltages, balanced or un¬ 
balanced. For convenience, let the ma¬ 
trix equation 9 be rewritten as 

Si-SDudi+SJufc (31A) 

f >2 = tOsifti-j-iDjofb (31B) 

Under steady-state conditions of opera¬ 
tion the driving voltages applied to the 
primary are the same as those given in 
equation 14. Following the same tech¬ 
nic pie used in the discussion of the syn¬ 
ehronous machine, the primary currents 
are expected to be of the same form as 
those given in equation 17. The primary 
currents given in equation 17 can be sub¬ 
stituted into equation 31(B) and the 
secondary currents determined. If the 
matrix product S)»i£fi is formed, the usual 
forward and backward components of 

. ., cos (« — 1)A| 

. .. cos |t /»—0 — (« — 1 )A] (29) 

)...«» L0-25-(«~l)A]_ 


where 0 and A represent the angular dis 
placement between the primary and 
secondary mesh circuits, respectively, 
and Mn represents the magnitude of the 
maximum coupling between a rotor and 
the stator mesh circuits. 

The elements of the !!)•« matrix are 
similarly found to be 


revolving fields are obtained and the com¬ 
plete steady-state analysis can be ob¬ 
tained for this unbalanced condition of 
operation. For balanced conditions of 
operation, the usual T-equivalent circuit 
is obtained with the leakage reactances in 


/vVf /*/.» -tf+IWU /M/ 4 * ... -iV4-/\l/.i. «+» 

rr/ I r.\r» AM r/1- l' Mm... F.l/fl, «+3 

nt* -rn'4- /m/mi A# 4 1>U ... Wi, «+» 


(30) 


L~r«' 4ku.». „ t :$ /M/r,. « 1 ■« Wo. «+»•• 

where A*, -- r/ 4- r } , V 4 2rr~-resistance of 
the /th mesh circuit, and A/; t represents 
the magnetic coupling between tlu* ./'til 
and 4th mesh circuit . 

If the armature surface ts assumed to 
be free of winding slots, the elements of 
the foa matrix are independent of rotor 
position. If it were desirable to study the 
effects of the winding slots on the steady- 
state performance of the machine, the 
variations iu the primary and secondary 
inductance coefficients could be intro¬ 
duced at this point. However, for the 
purposes of this paper all slot effects are 
neglected. 

If the squirrel cage of the machine, has 
uniformly spaced bars all having the same 
resistance, it euu be shown that all the 
elements of the fo»i matrix which appear 
on the main diagonal and all terms ap¬ 
pearing on each of the diagonals parallel 
to the main diagonal, are equal. With 
this high degree of symmetry among the 
elements of the network coefficients, it is 


A»|:i4 /‘An-|- a 


the equivalent circuit defined in terms of 
the difference in the flux-density integrals 
over certain well defined areas. Certainly 
the present methods used to approximate 
the various components of inductance 
thus obtained arc quite applicable. 

If it is necessary to study the transient 
performance of the induction machine, it 
is desirable to make a transformation of 
variable to reduce the complexity of the 
equations and remove the variable co¬ 
efficients iu the equations. How such a 
transformation might be determined is 
shown next. 

Let (ft 1 and GS„ be transformation ma¬ 
trices sitcli that 

< 4 ,—diirfi and Zb ~ &„£i ( 32 ) 

and let 6/ and Q i; be transformation ma¬ 
trices such that 

(f c —Cjfh and S 0 = 6«8a (3^) 
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Applying these transformations to equa¬ 
tion 31 gives 


_Stf_ 


Si -1/2 -1/2“ 

1 = - 0 y/%/2 -V3/2 

Ll 1 1 


£>»=® e £>ii(Br l (34A) 

©ac-CBAe*- 1 (34B) 

3L) ei =(3,3D2 1 ® < - 1 (34C) 

©«=e*©ae,- 1 (34D) 

Thus, it is not necessary to apply the same 
transformation of variable to the currents 
and voltages. From equations 34 it ap¬ 
pears possible to determine a set of trans¬ 
formations which will result in the pre¬ 
assigned matrices © M , © 6c , © c6 , and ©«. 
Unfortunately, these four equations can 
not be solved directly to determine the 
transformation matrices. However, upon 
knowing the desired form of the trans¬ 
formed matrix, it is possible to arrive at a 
useful transformation by trial and error 
after a thorough study is made of the 
symmetries of the matrices. 

As would be expected, the same trans¬ 
formation can be used on the primary 
circuits of the induction motor as was 
used on the synchronous machine, namely 

(35) 

where the elements of (6 are given in 
equation 23. 

Since the transformation is to diagonal¬ 
ize the ©22 matrix, the following relation 
must hold 

( 6126-1 =e-i3C (36) 

where DC is a diagonal matrix. Appar¬ 
ently, there is more than one transforma¬ 
tion that will accomplish this purpose. 
One such transformation is 


By forming the matrix products in¬ 
dicated by this transformation, the de¬ 
tailed expression for matrix equation 34 
is 


However, this transformation can not be 
used until the equations have been re¬ 
duced to linear functions in sin ut. 

Summary 

From the point of view presented in 
this paper, the problem of analyzing rotat- 


r p +LdP Lq<j> 


*3 3 

0 ;-Af fS P -M ra <j> 


-L d <t> rp+LqP 0 I S -Mt4 ~\m T sP 0 

Si 

0 0 r p +L 0 P\ 0 0 0 


-M rs P 0 
0 \m ts P 


0 'ifg-\~LiiP 0 


0 fg-j-iftP 0 


resistance of the primary per phase 
r s “resistance of the secondary per phase 

La—Lj) “Zig-j- Mg 

L C =‘L S —2M S 
Ld =L t =L 0 +M 0 
L 0 =(L 0 -M 0 )/2 

L 0 and M 0 represent the self- and mutual 
inductances between the primary 
phases. 

Lg and M a represent the self- and mutual in¬ 
ductances between secondary phases. 

The transformations used here on the 
primary and secondary mesh circuits has 
resulted in a set of constant coefficient 
differential equations which can be solved 
both for the transient and steady-state 
conditions of operation. 

Other transformations could have been 
applied to the original set of differential 


cos (—A) 


cos /3 cos 2/3.. 
cos (/3 — A) cos (2/3- 


.... cos (n—2)/3 

■A)... cos [(n—2)/3 —A] 


Lcos [—n — 1)A] . 

where ( 6 —x/n —1 and the l/n terms are 
introduced into the last column so that 
C“ l is nonsingular. Any other constant 
would serve equally well. 

Unfortunately, it has not been possible 
to evaluate the general form of 6 by tak¬ 
ing the inverse of 6 ~ l . Hence, it is neces¬ 
sary to evaluate the inverse for each par¬ 
ticular problem. Admittedly, the task of 
finding the inverse of 6 _1 for a squirrel 
cage with 20 bars may not be practical. 
Clearly, this particular problem needs 
further consideration. 

For a 3-phase secondary, the trans¬ 
formation matrix given in equation 37 re¬ 
duces to 


cos [(n—2)/3—(n—1)A] l/n 


1 

0 

1/2“ 

e-i= — 1/2 

V§/2 

1/2 

_ —1/2 — 

V 3/2 

1/2. 
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equations. For example, if only the 
steady-state solution of the equations is 
desired, the same transformation of vari¬ 
able could have been used on the primary 
circuits as was used on the seconday cir¬ 
cuits. In this case the transformation 
leads easily and quickly to the familiar 
cross-field theory of polyphase induction 
machines. The cross-field theory of 
single-phase machines is obtained by ap¬ 
plying the 6 matrix transformation to the 
secondary of the induction machine, with 
no transformation applied to the primary 
circuit. 

If the voltages applied to the primary 
of a 3-phase induction machine are un¬ 
balanced, the symmetrical-component 
transformation is a convenient one to use. 


fit+-£>C-P Jl_ i e 


ing machinery appears as a network prob¬ 
lem in which there is relative motion be¬ 
tween some or all of the elements of the 
machine. With only slight modification, 
standard network theory can be applied 
to the analysis of this type of network. 
The general procedure to be used in the 
analysis of rotating machinery is there¬ 
fore very similar to, and can be outlined 
as precisely as the procedure used in the 
analysis of static networks. Thus, it is 
possible to teach a method of machine 
analysis, or perhaps more correctly, a 
method of dynamic network analysis, just 
as a method of static network analysis 
is currently taught. A brief outline of the 
steps to be taken in the network analysis 
of rotating machinery can be stated as 
follows: 

1. Establish a map or diagram showing the 
connections between the elements of the 
machine. 

2. Establish a map or reference frame from 
which the inductances of the elements of the 
machine can be determined as a function of 
the angular displacement between the ele¬ 
ments. 

3. Using standard network theory, estab¬ 
lish the differential equations of the network 
being careful to take the derivative of all 
inductance-current products. 

4. Where possible, apply a transformation 
of variable to remove as many variable 
coefficients as possible or diagonalize the 
matrix containing the coefficients of the 
differential equations. If only the steady- 
state solution is required, the variable- 
coefficient differential equations can usually 
be solved without applying a transformation 
of variable. 

5. Evaluate the coefficients of the equa¬ 
tions and obtain the solution. With the 
proper interpretation, existing methods can 
be used to evaluate the coefficients. 


transformation is a convenient one to use. It has been shown that most of the con- 
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cepts used in the classical methods of 
machine analysis can be obtained from 
this point of view with little or no added 
difficulty. Thus, by expanding present 
concepts of circuit analysis and taking a 
slightly different point of view toward the 
rotating-machinery problem, these two 
areas of technology can be built on a 
common and rigorous foundation. 
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Application of Network Theory to the 
Analysis of Rotating Machinery 

Part ll—Commutating Machines 


mutating machine is considered in three 
major parts, namely: 

1. Establish a set of differential equations 
describing the performance of the machine 
in terms of circuit parameters. 

2. Evaluate the circuit parameters in terms 
of machine dimensions. 

3. Solve the resulting equations to obtain 
the general transient or frequency response. 


H. E. KOENIG 

ASSOCIATE MEMBER AIEE 

T MK material presented in this paper mutation phenomenon and the conditions 
is intended to be u continuation of the necessary to obtain good commutation 
roluting machinery theory presented in both under transient and steady-state 
reference 1. The raider will find it desir- conditions will be obtained. 


Only the first part of the problem is con¬ 
sidered in this paper. 

The circuit conventions and reference 
systems used are consistent with those 
used in reference 1. 

Nomenclature 


able to refer to this and the conference 
paper, “General Network Theory in 
Terms of Matrix Algebra,” presented 
by M. B. Reed at the 1954 AIEE 
Winter General Meeting. 

When network theory is used, the 
analysis of commutating machines differs 
from that of the noncommutating ma¬ 
chines in that a new transient may be ini¬ 
tiated every time a commutating seg¬ 
ment enters or leaves the brush contact 
area. Thus, to obtain the complete solu¬ 
tion it is necessary to solve the problem 
for each of the intervals of time during 
which no switching occurs until the solu¬ 
tions repeat. The final value of the cur¬ 
rent in any given interval becomes the 
initial values of the currents in the suc¬ 
ceeding interval. 

'fhe material presented in this paper is 
not intended to lie an exhaustive treat¬ 
ment of the commutating machine prob¬ 
lem. The, purpose is rather to outline a 
method whereby network theory can be 
used to study the commutation charac¬ 
teristics as well as the external charac¬ 
teristics of the machine and to outline a 
method of processing the differential 
equations of the machine to reduce their 
complexity to a point where they have 
practical engineering value. When the 
coefficients in the resulting differential 
equations are evaluated and the equations 
solved with the aid of computing equip¬ 
ment, further understanding of the com-. 


To aid the reader in understanding the 
general procedure and the point of view 
presented, a single-commutator d-c ma¬ 
chine with a simplex lap-wound armature 
is considered as an example. The more 
complex problems can be treated in the 
same manner, but owing to the added 
number of circuits, additional complexity 
is sure to result. It is perhaps safe to say 
that a problem as complex as that of the 
commutating machine could not be com¬ 
prehended without the aid of matrix al¬ 
gebra. Among other things, the use of 
this tool makes it possible to subdivide 
a very complex set of linear equations into 
smal l subsets that can be readily com¬ 
prehended and analyzed. 

Assumptions, Reference Systems, 

and Conventions 

When any problem as complex as that 
of the d-c machine is to be analyzed, cer¬ 
tain assumptions are necessary. In this 
treatise the machine is considered to pos¬ 
sess the following properties: 

1. All inductances are constant over the 
operating range considered; 

2. All portions of the machine except the 
frame are to be free of eddy currents; 

3. Capacitance between conductors is 
neglected. 

As in the analysis of the noncommutat¬ 
ing machines, the analysis of the com¬ 


Nomenclature not defined in the paper 
or which is not obvious from the net¬ 
work diagrams is defined as follows: 


a, = number of elements in armature branch, 
circuit 1, an element being defined as 
that portion of the armature winding; 
between commutator segments 
02 =number of elements in armature branchi 
circuit 2 

n —total number of armature elements 
gi=number of elements short circuited by* 
brush 1 

g 2 =number of elements short circuited by 
brush 2 
«i=gi+Oi 
P=d/dt 

<f> «= an gular position of rotor 
ea —terminal voltage of armature 
e/=terminal voltage of shunt field 
rj t Lj— resistance and inductance of jth 
armature element 

Mjk** magnetic coupling between jth and 
_ jfeth armature element _ 
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Fig. 1. D-c 
machine 


A. Connection 
diagram 

B. Map show¬ 
ing physical 
orientation of 
machine elements 



r/=contact resistance of jth element 

resistance and inductance of shunt 
field 

r s> Ls =■ resistance and inductance of series 
field 

r e , Z-c“ resistance and inductance of commu¬ 
tating pole field 

r e, •£* “equivalent resistance and inductance 
of eddy currents in frame 

Differential Equations of 
Commutating Machines 

If the commutating phenomenon of the 
machine is to be included in the analysis, 
it is necessary to consider each interval 
of time during which a given number of 
commutating segments are short-cir¬ 
cuited by the brushes. For each of these 
intervals, a connection diagram for the 
machine can be established from which 
the differential equations can be written 
and solved. By considering the general 
case of an arbitrary number of coils short- 
circuited by each brush, a set of equations 
are derived which apply to each of the 
intervals to be considered. The general 
procedure for establishing the necessary 
differential equations and some of the 
techniques of manipulation are next dem¬ 
onstrated for a machine having a sim¬ 
plex lap-wound armature with an in¬ 
tegral number of commutator segments 
per pair of poles. The same procedure 
applicable to other types of winding, 
but more complexity may result. Since 
the winding to be considered in this ex¬ 
ample repeats every pair of poles, the 
analysis can be made on the basis of one 
pair of poles. 



When the portions of the armature 
winding between successive commutator 
segments are considered as elements of the 
machine, the connection diagram for a 
machine with n commutator segments 
per pair of poles becomes that shown in 
Fig. 1(A), where all symbols used on the 
diagram are defined in the Nomenclature. 
For example the contact resistances are 


represented by nV,', . . . ,r/. Fig. 1 (B) 
is a map or diagram from which the in¬ 
ductances appearing in Fig. 1(A) are 
determined as a function of rotor posi¬ 
tion. The effect of the eddy currents in 
the solid iron frame are approximated by a 
closed winding e. For sinusoidally time- 
varying currents, the equivalent induct¬ 
ance and resistance of this winding can be 
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evaluated by solving Maxwell’s field 
equations in the frame region. If the 
frame is considered as a semi-infinite iron 
sheet, the solution is not difficult to ob¬ 
tain and is very similar to the solution of 
the wave guide problems. However, for 
other than sinusoidally time-varying cur¬ 
rents the solution to Maxwell’s equations 
in the frame region is very difficult, if not 
impossible, to obtain in closed form. 
Thus it may be necessary to study the 
transient commutating ability of solid- 
frame machines in terms of frequency 
characteristics if any degree of accuracy 
is to be obtained. For the type of ma¬ 
terial used in the usual d-c machine, the 
depth of penetration is of the order of 1 
centimeter when the frequency is only 1 
cycle per second. 

If the brushes span several segments 
and if it is necessary to include more than 
one pair of poles in the analysis, the 
connection diagram of the machine be¬ 
comes very complex, as does writing the 
mesh-circuit differential equations from 
inspection of the diagram. In this case 
the matrix transformation of variable 
should be used to transform the branch 
circuit equations into a set of mesh-circuit 
variables. This technique is outlined in 
M. B. Reed’s paper on the general sub¬ 
ject of network theory. By following 
this procedure or from inspection of the 
connection diagram of Fig. 1(A), the 
differential equations for the d-c machine 
can now he written. In matrix notation, 
the set of equations for Fig. 1(A) are 
represented by 

8 = ‘JDtf (1) 


where the 8 matrix contains the sum of 
the driving voltages around the successive 
mesh circuits, 3D contains the coefficients 
in the differential equations, and 6 con¬ 
tains the unknown mesh-circuit currents. 
Before attempting to show explicitly what 
the elements of these matrices are, it is 
convenient to partition the matrices of 
equation 1 so that the submatrices can be 
manipulated with ease. In general, the 
partitioning is quite arbitrary so long 
as the partitioning is conformal. How¬ 
ever, as becomes apparent, it is convenient 
to partition the matrices in a special man¬ 
ner. Let matrix equation 1 be written 


~Sf 

82 

8 a 

_S«_ 


“SDu 3 Di 2 SDis 3 Di 4 


V 

3D21 3D22 3 D 23 3 D 2 4 


$2 

3 Dji 0D32 3 D 3 3 3 Dj 4 



3 l)<i 3D42 3D43 3 D 44 _ 




The set of terms appearing in each of 
these submatrices are shown explicitly in 
the Appendix. The experienced person 
can fill in the coefficients of these ma¬ 
trices from inspection of the diagram. 


The uninitiated may find it desirable or 
necessary to first write the differential 
equations for the network in the usual 
manner and then arrange the coefficients 
in matrix form. Briefly, the voltage ma¬ 
trices 81 and 82 represent the driving 
voltages in the mesh circuits short-cir¬ 
cuited by brushes 1 and 2, respectively. 
The voltages of S3 represent the driving 
voltages in the two main branch circuits 
of the armature. The 84 matrix repre¬ 
sents the driving voltages in the field cir¬ 
cuits. 

The coefficients of the 3D matrices, as 
shown in the Appendix, are all expressed 
in terms of the inductance and resistance 
of each element of the machine. Thus, 
the inductance of the main branches of 
the armature, L av and L av for example, 
are expressed in terms of the self and 
mut ual inductances of each element of the 
armature winding. Once the coupling 
between the jth and kth elements of the 
armature is determined as a general func¬ 
tion of rotor position, the summations 
indicated in the Appendix can be readily 
evaluated to obtain all the inductance 
coefficients of the armature as a function 
of rotor position. 

The resulting set of variable-coefficient 
differential equations represented by ma¬ 
trix equation 2 are very difficult, if not 
im possible, to solve in this particular 
form. If all harmonics in the inductances 
above the second could be neglected, it 
would be possible to effect a transforma¬ 
tion of variable to remove at least part of 
the variable coefficients, as was done in 
the analysis of the noncommutating 
machines discussed in M. B. Reed’s paper. 
If harmonics above the second can not be 
neglected, and in the usual d-c machine 
they can not, the desired transformation 
may be very difficult to obtain. 

The other approach to the solution of 
the equations is a point-by-point solution. 
Under the original specifications, the 
equations obtained thus far in this dis¬ 
cussion only apply during a short interval 
of time , during which a given number of 
armature elements are short-circuited by 
the brushes. Thus, as a first approxima¬ 
tion, the variable coefficients can be con¬ 
sidered constant for the short intervals of 
tifflp. being considered. If a higher degree 
of accuracy is required, shorter intervals 
of time can be considered, or, as is shown 
subsequently, the solution can be con¬ 
sidered in parts and the complexity of the 
equations reduced to the point where the 
variable coefficients can be included in the 
solution. 

In analyzing commutating machinery 
there are roughly two major problems to 
be considered: 


1. Assuming the machine will commu a 
satisfactorily, what are the external transie 
and steady-state characteristics of the ^ 
chine when used as a component of an e 
trical system and subjected to a given se o 
operating conditions? 

2. Knowing the external characteristics 
and the conditions of operation, "will the ma¬ 
chine commutate satisfactorily, ana if no » 
what must be done to insure satisfactory 
commutation? 

From this point of view one is not par¬ 
ticularly interested in analyzing the ma¬ 
chine under very poor conditions of com¬ 
mutation, where severe arcing conditions 
make it impossible to evaluate the con¬ 
tact resistances. The techniques used in 
processing the differential equations of the 
machine to obtain the answers to these 
two questions will be considered in the 
order given. 

External Characteristics 

To reduce the complexity of these 
equations to a point where they have 
practical application, it is necessary to 
make several approximations. In the 
SDs! and 3D 32 matrices, the terms repre¬ 
senting the magnetic coupling between the 
armature branch circuits and the jth. coil 
in the commutating zone, Mj iUy and 
M }>av are negligibly small, since the axes 
of the coils are at right angles. As in most 
analyses of d-c machines, these terms, as 
well as the resistance terms appearing in 
these two matrices are neglected. The 
M jt a 0 =M jtC +M jiS terms in these same 
two matrices represent the magnetic 
coupling between the jth coil in the com¬ 
mutating zone and the two field circuits 
connected in series with the main circuit 
of the armature (commutating field and 
compounding fields). Since these induct¬ 
ances are functions of time, the deriva¬ 
tive of the current-inductance product 
contains two terms of the form 

=MjjPij+ijP Mjj ( 3 ) 

where the two resulting terms represent, 
respectively, the transformer and rota¬ 
tional components of voltage induced in 
the field circuits by the current in the jth. 
coil in the commutating zone. As sym¬ 
metric commutation is approached, the 
total of all the components of rotational 
voltages in the field windings, as produced 
by the currents in the coils in the com¬ 
mutating zone, approaches zero. The 
SD41 and 3D42 matrices contain similar terms 
to which the same argument applies. 
Thus, all terms of the form ij(PMj )f ) ap¬ 
pearing in the 3Dsx, 3D 3 2, SD41, and 3D42 ma¬ 
trices can be neglected. The only terms, 
remaining in these four matrices are: 
those of the form, which whem 
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multiplied by the current in the coils 
being commutated % give terms of the 
form MjjPij. These terms represent 
components of voltage in the field wind¬ 
ings resulting from the changing currents 
in the commutating zone. For the main 
field windings, these components of volt¬ 
age are indeed large, since the axes of the 
coils are nearly parallel and the coefficient 
of coupling high. Preliminary calcula¬ 
tions on a 200 -horsepower 230-volt 1,150- 
rpm d-c motor indicate that for lin ear 
commutation, the total voltage induced 
in the shunt field by the currents in the 
coils undergoing commutation is in the 
order of 20,000 volts. 

However, these effects are counterbal¬ 
anced, for the most part, by the effects of 
armature reaction. In the 2D 38 and £)« 
there are terms of the form (PM a j) 
which, when multiplied by the currents 
4 in the main branch circuits of the 
machine, give terms of the form ( 'PM a>f ) 
4* These terms represent components of 
voltages induced in the field windings by 
the rotation of the armature reaction field 
during the interval of time during which a 
given number of coils are short circuited 
by the brushes. It can be shown that in 
the windings of the main poles, the sum 
of the two components of voltages dis¬ 
cussed in the foregoing vanishes as linear 
commutation is approached. For any¬ 
thing but linear commutation, there are 
resulting high-frequency components of 
voltages induced in the windings of the 
machine as it commutates. Perhaps 
these voltages are a source of some of the 
radio-noise experience in d-c mflr'tii npg 
The information concerning the second¬ 
ary effects discussed in the previous para¬ 
graph are removed from the differential 
equations of the machine by neglecting 
the coefficients in the 3) S i, 3) 82 , SDn, and 
D 42 matrices,setting the (PM aif ), (PM ate ), 
(PMa te ), and (PM a J) terms in the 
matrix equal to zero, and dropping one of 
the ( PM am ) or {PM a ^ terms from each 
of the four elements of the 3D 8S matrix. 
Notethatno terms are to be removed from 
the 2)34 matrix. The currents in the main 
branch circuits of the armature and the 
field windings are now given by the solu¬ 
tion of the set of differential equations 
represented by the Mowing matrix 
equation 


pair 2V 3)3*1 pal 
L^<_ Lav 3)«J L*J 


the differential equations are assumed 
constant after the derivative of the cur¬ 
rent-inductance products are expanded. 
It is also permissible to assume the two 
branches of the armature circuit to be 
identical, and assume the armature 
branch circuits equal. With these addi¬ 
tional simplifications, the differential 
equations reduce to 


elements of the 3) matrices to the right of 
the equality sign represent the resistances 
and inductances of the coils in the com¬ 
mutating zone, and the coupling between 
them. These coefficients are all of the 
same order of magnitude, are nonlinear, 
and are functions of rotor position. As a 
general proposition, considerable im¬ 
provement in accuracy is obtained in the 


~e a ~ 


[(RaUM aw ) 4>M a j 

V 

tf 

= 

O r, 

0 

if H 

_ 0 _ 


L o o 

r. J 




~2(L ai +2M ai J 



( M at/ +M S f) 


(Af at/ -fikf,„) (M ai e+M se +Mce) 
. - - L r M fe 

L(Afa t «+Af s<l -f-Af C4 Mfe Le 


1 1 
if 
U«J 


( 5 ) 


where i? fl = (r Sl+ i+r ai -|-r ni+ 1 -f- 2 r ao ) and 
all other terms have been previously de¬ 
fined. 

If it is further assumed that the number 
of coils short-circuited by each of the 
brushes is the same for all intervals of 
time, then the network is the same for all 
intervals of time, and the solution to these 
equations represents the approximate 
solution to the currents in the armature 
and fields as a continuous function of 
time. 

Admittedly, similar equations for the 
d-c machine have been arrived at by other 
authors using methods that may appear 
less complex to those unfamiliar with ma¬ 
trix notation. However, it is believed 
that the additional information concern¬ 
ing the approximations necessary to ar¬ 
rive at this end result justifies this ap¬ 
parent added complexity, to say nothing 
of the commutation study which results 
from this approach to the problem and 
which is considered next. 

Commutating Characteristics 

The complexity of the equations of 
commutation are greatly reduced if the 
armature and field currents, and 0 4 , are 
first obtained by solving the set of dif¬ 
ferential equations represented by matrix 
equation 5. These currents are then sub¬ 
stituted into matrix equation 2 as known 
functions. Observing that Si^S^O, the 
set of differential equations describing the 
commutati ng characteristics reduce simply 


study of such a set of equations if a trans¬ 
formation of variable can be effected 
which results in a set of equations hav¬ 
ing the differences between the self- and 
mutual inductances as coefficients. It is 
shown 1 that the 2 -winding transformer 
problem can be treated in this manner, 
and the usual T-equivalent obtained by 
applying a transformation of variable to 
the original coupled circuit equations of 
the transformer. Clearly, the objective 
in these two problems is identical. There 
are several transformations that will ac¬ 
complish the desired objective. The 
general procedure for finding this type 
of transformation is shown next. 

Let a new set of driving voltages and 
currents be defined as: 


$a < 3 i 

£ a =e 1 's 1 * ; 


(V 


( 4 ) 


2>h] ph”! r3)n 2 V] nrf| 
L £>28 3 )mJ L^J LsDai 3 ) 22 J |_£ 2 J 


( 6 ) 


where the 3V and 2V matrices are the ^ bunm CUn ; ent functions > 
modified 3)s3 and 3)43 matrices 811(1 f 4, appear as driving voltages in 

Since, the set of differential equations eqUatl °** of ^ coils “ the commutating 

represented by matrix equation 4 aoolies •: he number; of differential equa- 

only for a shit hSZSTZn *T K f misaited b 7 equation 6 is 

simplification resnlts if the cSfcSJS 1ST Tl nU ” ber of coils 
coefficients of short-circuited by the two brushes. The 
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where the © x and © 2 matrices are yet to be 
determined and the driving voltages to 
the left of the equality sign in equation 6 
are represented simply by Si* and S 2 *. 
Upon applying this transformation of 
variable to equation 6 there results 

PI re,3)1101 6i'3) 12 e,“| Vgi 
LsJ Le,3) 21 ei e 2 / 3) 22 ej [_* J 8 

With a little practice and by observing 
that the elements in each row of the 3) u 
matrix, for example, are multiplied by the 
corresponding elements in the corre¬ 
sponding columns of the 0 : matrix, it is 
found that 1*8, I’s or 0’s may be in¬ 
serted in the rows of the Ci matrix in such 
a manner as to add or subtract any pair or 
pairs of columns in the 3) u matrix when 
theproductisformed. When the product 
<3,(3)110!) is formed, the corresponding 
rows in the 3>n©i matix are added or sub¬ 
tracted. It is easy to show that this 
type of transformation always results in 
asymmetric matrix if the 3) u matrix is 
symmetric. 

In general, the elements of the trans- 
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formation matrices depend entirely upon 
the particular problem being considered, 
and can be any combination of numbers 
or functions as long as the transformation 
matrix has an inverse. To show a specific 
example, suppose there are three coils 
short circuited by each brush of the ma¬ 
chine, and that the first two coils under the 
first brush occupy the same slot. The 
elements in the 2Du matrix are given by 
equation 11 of the Appendix, with Mu = 
Mm-Mu and Mu=M», if perfect cou¬ 
pling is assumed. In this case, a useful 
transformation is 



(9) 


By forming the indicated matrix products 
the inductance coefficients in the matrix 
take on the form 


M a 

0 

l(Mzi-Ma) 


0 (Mij—iWu). 

0 0 

0 (M n +M 33 -2Mn)_ 


where much improvement in accuracy is 
obtained and the coefficients are more 
nearly linear. The differences in the in¬ 
ductances of the coils, normally referred 
to as the leakage inductances, can now be 
evaluated instead of the inductance of 
each coil. It is also dear that the com¬ 
plexity of the equations is greatly re¬ 
duced as a result of the zeros in the trans¬ 
formed matrix. 

After processing the differential equa¬ 
tions of the machine in a manner similar 
to that outlined above, the differential 
equations describing the commutating 
characteristics reduce to a practical set of 
equations, the solution of which can be 
obtained with the aid of computing equip¬ 
ment. When these equations are solved 
for each interval of commutation, the 
currents in the coils during that interval 
are obtained, the final value of the current 
in any particular interval serving as initial 
conditions for the succeeding interval. 
Clearly, certain assumptions must be 
made concerning the contact resistances. 
However, it is believed that the contact 
resistance voltages are small compared to 
the inductance voltages, so inaccuraties 
caused by the uncertainties in the value 
of this term are small. 


Summary 

The procedure used in arriving at the 
differential equations of the commutating 
machine is identical to that used on the 
noncommutating machines discussed in 
reference 1. However, the techniques 
used in processing the resulting equations 
is somewhat different. In the study of 


commutating machines, two problems 
are of interest: 

1. How can the machine be analyzed along 
with its, associated network to determine the 
external characteristics? 

2. Will the machine commutate satisfac¬ 
torily under the conditions of operation? 

The answer to the first question is ob¬ 
tained by neglecting, in as much as is 
practical, the effect of the currents in the 
coils undergoing commutation when solv¬ 
ing for the external characteristics. In 
so doing, the complexity of the problem is 
reduced to the point where it is practical 
to solve the equations of the machine and 
its associated network to determine the 
armature and fidd currents. The known 
armature and fidd currents are then sub¬ 
stituted into the differential equations as 
driving functions and a study made of the 
commutating characteristics. Much im¬ 
provement in accuracy and considerable 
simplification is obtained by applying a 
transformation of variable, which pro¬ 
duces a set of differential equations whose 
coefficients are the difference between the 
self- and mutual inductances of the arma¬ 
ture coils. It is perhaps safe to say that 
without the use of matrix algebra, a net¬ 
work problem as complex as that of the 
commutating machine would be very 
difficult, if not impossible, to compre¬ 
hend. 


Appendix 

Matrix Elements 

The elements of each of the submatrices in 
matrix equation 2 can be expressed in terms 
of the resistances and inductances of each of 
the elements of the machine. It is standard 
practice to write the mesh-circuit equations 
in the sequence of the increasing subscripts 
on the mesh currents. When this procedure 
is followed, the elements of the submatrices 
of equation 2 as obtained from the differen¬ 
tial equations of the network are 

S,sO, 8,3=0, «.-[*] (10) 
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Discussion 


Robert M. Saunders (University of Cali- 
forma, Berkeiey, Calif.): My discussion is 
divided into two parts: first, some particu¬ 
lar comments upon the contents of the paper 
and second, some philosophical comments 
on the application of Prof. Koenig’s methods 
to the field of teaching. 

Regarding the five idealizations made by 
the author, it should be emphasized that not 
all of these are necessary restrictions but 
only practical ones which have been im- 
posed to make the presentation feasible, 
today much of our preoccupation concern¬ 
ing machines has to do with such phenom¬ 
ena as saturation, effects of slots, and 
contributions of magnetomotive force or 
hamnucs to voltages and torques. 
Thus, if his methods are to be at all useful 
some of these contraints must be relaxed at 
tunes. It would be well if the author reas- 

which US ^ SU ^ Ch “ the case * Porting out 
Which may not b e dis- 
carded and under what conditions 

r< J5®. aut * 1 ° r «ives certain criteria for as- 

JSSTta! S1S \ 0i ** mutuaU y Sliced 

voltage term when analyzing circuits 
mMks ■«* 

pletely arbitrary as the author states 

2S“*“ * nd Stam^S 

dictate tie exact location of polarity mS! 
onmuta^ Mneunces and tranrio^S 
Wide I realize tint machines have the 


added element of rotation, I would plead 
strongly for as much co-ordination between 
transformer and rotating-machine polarity 
designation as is possible. In addition it 
should be possible to ascertain the polarity 
of the induced voltage solely by recourse 
to the terminals of coils without needing 
to know how the coils are wound. Hence, 
I , fee , I J t b at the criteria given by the author 
should be revised or clarified. 

Toward clarification I should like to pro¬ 
pose the following as a substitute for the last 
paragraph in the section entitled Assump¬ 
tions, Reference Systems, and Definitions in 
part I: 

Magnetic polarization marks are used on 
all coils of the machine, their location 
with respect to each terminal being fixed 
by standard tests. 1 In ascertaining the 
location of the polarity marks for coils 
which may move with respect to each 
other, the marks should be designated 

l0Cated at the zero Position. 
.T^’the sign associated with the mutual 
inductance will always be positive. * The 
sign oithed/dKMjkik) term is entered into 
the voltage in accordance with the direc- 
?f t the educed voltage given by the 
polarity marks and the rate of change of 

s r wouad 
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the ^th current when the coils are lo¬ 
cated at their reference position. 

To add a philosophical note, those of us 
who are educators should have more than a 
passing interest in this material. The ap¬ 
proach of the paper has real significance for 
it utilizes the direct application of well- 
known physical principles and rigorous 
mathematical concepts. For classroom pres¬ 
entation it is most important to build 
upon the student’s previous knowledge. 
Thus Prof. Koenig’s methods of machine 
analysis have the powerful background of 
physics and mathematics upon which to 
huild; this leads to a most effective pres- 

irA 011 ;u He t0 be WarmI y congratu¬ 
lated by those of us who are concerned with 
teaching electromechanical energy conver¬ 
sion principles at the graduate level. 

Reference 

RbgStwg° D Tra D istribution - Powbr, and 
kbotoating Transporkbrs. Publication No 

Yorfk YTmK Staadards A ^ia?ion? New 

C. G. Veinott (Reliance Electric and Engi¬ 
neering Company, Cleveland, Ohio): Prof. 

5Sutio PaP f S I epresent an important 
contribution to the analysis of rotating 

machmery. This general type of approach 
toward which Gabriel Kron has conMbuted 
o much, gives the engineer a powerful tool. 
The importance of this tool is increasing 
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with the development and use of digital 
computers and with the continuing efforts 
to reduce the physical size of electric ma¬ 
chines. Prof. Koenig’s paper adds impetus 
to this general movement. 

It would probably be easier for an induc¬ 
tion machinery designer to follow the paper 
if the author had used notation and concepts 
more common to the literature of induction 
machinery. I changed some of the equa¬ 
tions to the notation suggested by the AIEE 
Working Group on Letter Symbols for In¬ 
duction Motors (this report was not availa¬ 
ble when Prof. Koenig wrote his paper) as 
this notation is more representative of the 
viewpoint of the machinery designer. The 
difference is more than just using different 
letters for the same quantities; rather, there 
are important differences in definition of 
just what the parameters are that define a 
machine. 

The most important difference, perhaps, is 
that Prof. Koenig thinks of open-circuit 
reactance as a single quantity which he 
calls wLi. The machinery designer thinks of 
the open-circuit reactance as the sum of two 
components of reactance: leakage and 
magnetizing. Leakage reactance and mag¬ 
netizing reactance are kept separate in the 
machinery designer’s mind, and there are 
good reasons for it: 

1. Leakage reactance and magnetizing 
reactance are calculated separately as two 
distinct quantities. 

2. Torques of the motor depend almost 
entirely upon leakage reactance, not upon 
total reactance. 

3. Leakage reactance is usually small 
compared to magnetizing reactance. 

Table I is a comparison of the symbols 
used by Prof. Koenig with those proposed 
by the AIEE Working Group on Letter 
Symbols for Induction Motors. At first 
thought, it might seem that dividing open- 
circuit reactance into two components 
(leakage and magnetizing) would lead to 
clumsier equations. Prof. Koenig’s equa¬ 
tions 1(A) and (B) of part I, rewritten in 
induction-motor letter symbols, become 

Vi - [n +j(x i +x M )] h-JX m -y ( 1 ) 

- V* = £-j Jill +^22 +j +-~ ^ ^j /22 

(IB') 

These two equations are still not so familiar 
to the machinery designer because the 
secondary quantities are given in secondary 
terms; if they are both rewritten in pri¬ 
mary terms they become 

V\— [n +j(xi )] /1 —jxuh (1A") 

—bVi— —j*jf/i+ [r%-\-j(,Xi-{-XM)]h (IB") 

or, in matrix form, using impedances 

UJ 

This is recognizable instantly as the mesh- 
circuit matrix equation for Fig. 2. Thus, 
part of Prof. Koenig’s “transformation of 
variable” converted secondary quantities to 
primary terms; the other part converted 
from mesh to branch form. Both conver¬ 
sions were made by the single transforma¬ 
tion of variable. 


Zl+Zjyf —Zm 
— Zm Z2+ZJW 


Table I. Comparison of Symbols 


Quantity 

Koenig 

Symbol 

Proposed 

Standard 

Primary reactance, total... 


zi+xitf = 

Ratio of primary turns to 
secondary turns. 


. b 

Mutual reactance. 

.. .uMit 


Magnetizing reactance. 

.. an Mu .. 

. XM 

Secondary reactance, 
total, referred to itself, 

.... uLt ... 

XM 

,.. ,rs/«* 

Rotor resistance, referred 


Open-circuit primary im- 

_Zi.... 

. . . .Sl + SJf 

Mutual impedance. 

....Z 12 .... 


Leakage' impedance of pri- 

.Zi—nZii. 


Leakage impedance of 
secondary, referred to 
primary. 

. »*Zi — nZit 


Rotor resistance, referred 
to primary. 

.2J» = n s «. 


Secondary current, actual. 

. I* _ 


Secondary current, re¬ 
ferred to primary. 

,.../6. 

.../»=/«/& 


The branch-circuit matrix equation for 
the circuit of Fig. 2 can be written, in induc¬ 
tion motor letter symbols, by inspection, as 
follows 

T Vl 2 ‘ (7') 

Lvl-mvJ L z i Z1+Z2J ih] 

This is Prof. Koenig’s equation 7, except in 
induction-motor letter symbols. Note that 
three of the four elements in the impedance 
matrix are actually ampler in induction- 
motor nomenclature than in Koenig’s. In 
this case, at least, splitting the open-circuit 
primary reactance into two elements ac¬ 
tually led to fewer, rather than more, terms 
in the elements of the matrix. So much 
of the performance is a function of leakage 
impedances, that time is saved by using 
leakage impedances. 

A word of caution is in order. Magnetiz¬ 
ing reactance xm is often loosely referred to 
as “mutual” reactance. In ordinary induc¬ 
tion-motor theory, magnetizing and mutual 
are the same only when the turns ratio is 
unity. Moreover, in the more general case 
as typified by Fig. 3 and equation 10, the 
mutual reactance may be quite different 
from magnetizing reactance. However, the 
M’s in equation 10 are all functions of air- 
gap (“magnetizing”) flux, even though they 
are multiplied by cosines of angular posi¬ 
tions. 

One purpose of this discussion was to show 
the correlation between Prof. Koenig’s 
equations, and conventional induction- 
motor equations. A second purpose is. to 
suggest that it may be worth while to think 
of the total self inductance of a coil as con¬ 
sisting of the sum of two components: 

1. Inductance due to “leakage” fluxes. 

2. Inductance due to air-gap fluxes. 

(The latter is not necessarily mutual.) 


that one of his objectives is to develop a 
theory of synchronous and asynchronous 
machines based upon circuit theory. We 
agree that this is a very worthwhile objec¬ 
tive, but do not agree with the very stirong 
implication that the application of circuit 
theory to rotating machinery is new. To 
the contrary, the development of a circuit 
theory of synchronous machines was pre¬ 
cisely the purpose and accomplishment of 
R. H. Park. 1 Engineers concerned with 
the application of synchronous machines 
have been using and extending such a cir¬ 
cuit theory for over 30 years. Several other 
early references could be cited, but most of 
them are included in lists given in reference 2. 

The five steps listed in the author’s sum¬ 
mary of part I appear to be indistinguish¬ 
able from those followed in many of these 
references and we should like to inquire in 
what way the author’s method differs from 
these. 

References 

1. Two-Reaction Theory of Synchronous 
Machines. Generalized Method of Analysis 

_p ARX j, R. h. Park. AIEE Transactions, vol. 

48, July 1929, pp. 716-30. 

2. Synchronous Machines—Theory and Per¬ 
formance (book), Charles Concordia. John Wiley 
and Sons, Inc., New York, N. Y., 1951 (see espe¬ 
cially pp. 216-19). 

Karl L. Wildes (Massachusetts Institute of 
Technology, Cambridge, Mass.): Prof. 
Koenig is to be commended for the clarity 
with which he has described his circuits and 
machines. In his words “a good map is 
essential,” and an important element of a 
good map is a precise designation of currents 
and voltages as assumed for the problem at 
hand. Coil polarity markings are neces¬ 
sary, as are current and voltage directions. 
An arrow to represent current direction is 
clear and universally accepted. Prof. Koe¬ 
nig uses a voltage-direction designation 
which is not so widely used, but which is 
crystal clear and does not require the dis¬ 
tinction, used by some writers, between E 
for voltage rise and V for voltage drop. 
The plus sign on the circuit diagram tells 
the whole story. 

In the section The 2-Winding Trans¬ 
former in part I, the author says, Unfor¬ 
tunately there is no apparent direct method 
available for deriving the transformation 
used in this and the following examples.” 
There are two criteria which can be used 
effectively to suggest effective transforma¬ 
tions. The first is to observe whether 
the network matrix is unsymmetrical, 
as it often is, and if so, to ask what trans¬ 
formation will make the matrix symmetrical 
or diagonal. The second criterion often 
comes out of the physics of the problem. 
To illustrate this second criterion, consider 
Prof. Koenig’s 2-winding transformer. The 
actual instantaneous currents are h and f*. 
The differential equations are, following 
Fig. 1 


Such a procedure might well have made 
unnecessary some of Prof. Koenig’s later 
partitioning of a matrix so as to bring.out 
leakage reactance directly. The same idea 
may be as useful in transient as in steady- 
state analysis. 


C. Concordia (General Electric Company, 
Schenectady, N. Y.): The author states 


Vi— (fj +LiP)ii — Mnph 

— Vt = — Mi2pii-\-(ri-\-Lzp)i2 

All of the inductances are variable because 
of saturation effects. The physics of the 
problem suggests that at least some of the 
inductance coefficients can be made more 
nearly constant if their associated fluxes can 
be free from the iron path. If the induct- 
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ance portions of the above equations are 
written in integrated form, the linkages of 
the primary and secondary coils are 

Xl = Liti — Mists 
X2 — — Mull -\~Lsis 
The fluxes are 

L\ . *2 

<pl ~ »r “ 77 *1 — Ml3 — 

Ni Ni Ni 

X2 —Mis . , _ *2 

W - A r “ 7Z *1 +Li — 

Ns Ns Ns 

The leakage flux, or flux chiefly in air, is 

- *2 Mu. , _ is 

vi-vi^—ii—Mis — —— ii+Ls — 

Ni N x Ns Ns 

~ [(^ 1 — nMn)ii -\-{nLs —Mu)ig] 

in which n<=Ni/N 2 . 

In order to use a single mutual inductance 
term in both parentheses, the usual tums- 
ratio transformations suggest themselves as 
follows: 


Ni( vn-<ps ) = (L, - nMis)ii+(n*Ls-nM n ) - 

n 

Thus the linearization of inductance coeffi¬ 
cients leads to the current transformation 

For invariance of power 


The operational impedance transformation 
is 

[Z'] = [cj[znq=r i T ri+L 'P M *P\ 

L nj[.~Misprs+Lsp] 

[ 1 1 J n+L 'P nM »P 1 

L «J L-nMnp n\rs+Lsp)\ 

which gives the usual equivalent circuit of 
-Tiff. 2. 

A more complicated example is the 2- 
pnase induction motor as worked out by the 
tensor methods of Kron. 1 The funda¬ 
mental four-by-four matrix of the machine 
is transformed to positive- and negative- 
sequence right-angle components and then 
the resulting matrix 


sequence quantities and another for nega¬ 
tive-sequence quantities with no inter¬ 
ference between them. 

A second equivalent circuit can be found 
through ignoring the rotor axes of [Z] 
resulting in a two-by-two diagonal matrix. 
The symmetrical or diagonal nature of the 
matrix does not reveal anything about the 
nonlinearity of the reactances. This must 
come from a leakage-flux consideration as 
in the transformer example. 

In addition to its power to suggest 
equivalent circuits, the matrix method is 
very effective in organizing the various points 
of view in a circuit problem. For example 
in three-phase machine analysis, the trans¬ 
formations among the several sets of co¬ 
ordinates (a, b, c; 0, 1, 2; 0, a, /9; 0, d, q; 
and 0, /, b) can be nicely manipulated and 
the corresponding sets of self- and mutual 
impedances can be kept clearly in view by 
means of the matrix organization. It 
should be noted that the transformations 
of equation 38 of part I are the Clarke trans¬ 
formations which change the a-b-c axes into 
0-a-d axes and which are in turn easily re¬ 
lated to the 0-d-q axes. 


Reference 

1. Tensor Analysis of Networks (book), 
Gabnel Kron. John Wiley and Sons, New York 
N. Y., 1939. 


H. E. Koenig: The comments of the dis- 
cussors are greatly appreciated. 

As Mr. Saunders has indicated, the five 
idealizations stated in Assumptions, Refer¬ 
ence Systems, and Definitions are made pri¬ 
marily for the sake of simplicity and need 
not be made in all studies. For example, if 
only the steady-state solution is required 
for balanced conditions of operation all har¬ 
monics (including slot harmonics), the satu¬ 
ration effects can be included to the extent 
that they are included in the classical pro¬ 
cedures. In fact, the method of analysis as 
presented here reduces to the classical 
method of analysis when the restricted 
problem is considered. 

Mr. Saunders' discussion on the sign of 
the mutual inductance, M jk , and the volt¬ 
age of mutual induction, (d/dt)(M jk i k ) 
brings up a very important point. When 
the rotating machine is considered as a 
dynamic network, M jk is a function of rotor 
position and must take on both positive and 
negative values. Hence, the magnetic 


si 

s2 r i 

si R s +jX s 

jX m 

s2 

R s +jX 3 


■ RT~\"iXr(l 

r2 

JX m ( 1-HO 


immediately suggests that symmetry can 
leftbf through multiplication on the 


giving an equivalent circuit for positive- 
176 . . 


Rf hjX r (l+v)l 


polarization marks must be considered as 

aShma^*' ? 0Say indicate the 
actual magnetic polarization or to say they 

m-e to Hp V ^^Polarization marks 
axe. to be_ considered as reference marks 

Th -r with respect t0 the terminals 
of the coils are completely arbitrary and 

d r es tteir ^ 

way as to produce maximum useful sym- 
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(a- metry in the analysis. It is believed that 
sr- the useful symmetry in the functions de¬ 
scribing the variation in the Mj k terms with 
tid rotor position, and the symmetry in the 
Z] literal form of the differential equations 
ix. obtained by placing all the magnetic refer- 
he ence marks at the tail (or head) of the cur- 
he rent reference arrows is far more valuable 
st than any advantage obtained by attempting 
as to choose the markings so as to make all 
Mj k terms positive at zero rotor position, 
st If the coils are all fixed with respect to each 
is other, it is necessary to use more than one 
ts set of polarization marks when the coils are 
[e not on a common magnetic circuit and 
3- when one insists that all the Mj k terms are 
>- to be represented by positive numbers. 

7 When considered as references, one set of 
d markings is sufficient for all coils. Here 
1 again, it is believed that the simplification 
/ and useful symmetry obtained by choosing 
t all the magnetic reference marks at the tail 

3 (or head) of the current references is more 

valuable than the advantages obtained by 
> choosing the polarity markings so as to 
make all Mj k terms positive numbers. 
Finally, when the polarization marks are 
considered as references and the Mj k terms 
allowed to take on positive and negative 
values like the currents and voltages, a 
much extended class of problems can be 
studied by a single procedure. This is the 
sort of thing which leads to increased teach¬ 
ing efficiency and organization in thinking 
regarding the equations of machines. 

Another way to determine whether M Jk 
is to be represented by a positive or negative 
number at any instant of time is to observe 
the polarity of the voltages at the ter¬ 
minals of the /th and 4th coil. If at any 
instant, the polarities of the voltages of the 
two coils are the same with respect to the 
magnetic polarization references, then M Jk 
is represented by a positive number at that 
instant. If they are opposite, then M jk is 
represented by a negative number. 

Mr. Veinott has very clearly pointed out 
the similarity between the notation ami 
concepts used by the induction motor de¬ 
signer and those used in this paper. The 
leakage-reactance concepts (differences be¬ 
tween self- and mutual inductances) are 
most valuable and convenient in the study 
of electric machinery. I only wish to 
clarify one point in connection with his dis¬ 
cussion. In the study of the 2-winding 
transformer and the induction motor one 
can easily start with the leakage-reactance 
or leakage-inductance concepts. However, 
the point of the presentation given in the 
paper was to show how these concepts can 
be obtained as a mathematical transforma- 
£7* VanabIe - * n the study Of a 4-wind- 
^ nSf T er ' f0r CXample ' >t is difficult 
Wlth a set of meaningful leakage- 
reactance concepts. By following the math- 

WrTS . t " an 0 sfonnation of variable as out¬ 
lined for the 2-wmdmg transformer, the dif- 

te T S ( diffe \^ between Jdf. and 

nnl 1 ” nC6s) appear automatically, 
and one can pursue the analysis with com¬ 
plete assurance. m 

it l°i Mr ‘ C ° ncordia 's discussion, 

is sufficient to say that it is stated in the 
introduction to part I that, "The idea that 

network with time-varying coefficients is not 
new, and many of the results arrived at in 
tta paper have been arrived at by Weviois 
authors usm* many varied method, o? 
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analysis.” The references sighted were in¬ 
tended to be only a sample of the vast quan¬ 
tity of material relating to this area of 
study. 

It is further believed that there is a sub¬ 
stantial difference between the basic philoso¬ 
phy and the organization of the problem as 
presented in this paper and that presented 
in the references sighted by Mr. Concordia. 
Nowhere in the material presented in this 
paper does one encounter the troublesome 


concepts of primitive networks, reference 
frames, and tensor mathematics. 

I wish to thank Mr. Wildes for his dis¬ 
cussion in which he points out certain criteria 
and studies which lead to a useful transfor¬ 
mation of variable. Obviously, the state¬ 
ment made in the paper concerning the 
derivation of these transformations was not 
clearly presented. When speaking of a 
mathematical derivation, one usually im¬ 
plies that definite mathematical processes 


are available for arriving at a unique answer. 
It is this type of mathematical derivation 
the author had in mind when making the 
statement, "Unfortunately, there are no 
apparent direct methods available for deriv¬ 
ing the transformations used in this and the 
following example.” As Mr. Wildes clearly 
points out, the transformations sometimes 
come from a study of the form of the equa¬ 
tions or from a study of the physical device 
which the mathematics describes. 


Significant Measurements for Determining 
the Stability of High-Temperature 


the understanding of the aging mecha¬ 
nisms and provide more useful data for the 
design of new insulating systems. 

Factors Influencing Aging 
Procedures 


Magnet-Wire Insulation 

A. L. SCHEIDELER 

ASSOCIATE MEMBER AIEE 


Synopsis: Test methods for evaluating the 
stability of high-temperature magnet-wire 
insulation are described. Reduction in di¬ 
electric strength during uninterrupted expo¬ 
sure to high temperature is used to define 
the insulation life which would be obtained 
with comparatively ideal operating con¬ 
ditions. Moisture resistance, as measured 
by power factor after humidification, is pro¬ 
posed as a criterion for determining the 
ability of a material to withstand such ad¬ 
verse operating hazards as moisture absorp¬ 
tion or mechanical shock. Results have 
been obtained which indicate that deterio¬ 
ration rates, calculated from measured re¬ 
duction in dielectric properties at high tem¬ 
peratures, may be experimentally verified at 
lower temperatures. When this is true, 
justification is provided for the extrapola¬ 
tion of data to lower, operating tempera¬ 
tures. Conversely, the absence of similar 
aging trends at different, accelerated tem¬ 
peratures should serve notice that care must 
be taken in the extrapolation of data to low 
temperatures. 


T HE selection of an adequate insula¬ 
tion system is a major problem for 
the designer of high-temperature electric 
apparatus. Many materials are available 
which will meet initial design require¬ 
ments and their suitability in this regard 
can be determined by comparatively 
simple and routine tests. Assessing the 
ability of such materials to maintain 
adequate properties throughout desired 
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printing November 23, 1953. 
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equipment life is, however, somewhat 
more complicated. Unfortunately the 
chemist’s pace in combining the elements 
to form new materials has far exceeded 
his progress in evaluating their suitability 
for application by the designer. In most 
cases it is necessary to evaluate experi¬ 
mentally the aging characteristics of any 
material which looks promising in the 
light of initial tests. 

The primary objective of most such 
evaluation programs is to determine the 
stability of composite materials under the 
variety of conditions encountered in serv¬ 
ice. Accordingly, much emphasis in re¬ 
cent years has been placed upon the 
“functional” evaluation of materials and 
apparatus. However, any developmental 
program for the evaluation of such ma¬ 
terial is quite costly in time, labor, and 
equipment. It is highly desirable, then, 
to conduct the tests so that something 
may also be learned of the deterioration 
processes. Such information will aid in 


Fig. 1. Test piece used in 
evaluating the thermal stability 
of high-temperature magnet- 
wire insulation. Data presented 
are for an acrylic ester resin- 
impregnated asbestos - clay 
sheet covered with glass yarn. 
Final treating varnish for data 
presented in Fig. 2—phenolic 
A; for all other data—phe¬ 
nolic B 


The institution of any realistic aging 
program requires first that the pertinent 
factors affecting deterioration be estab¬ 
lished. A second and much more difficult 
task is to determine the degree to which 
each of these should be considered. The 
aging factors may differ with each type of 
apparatus and even within apparatus 
groups. For example, the problem of ex¬ 
posure to ambient moisture is much more 
significant in a ventilated dry-type trans¬ 
former than in a sealed unit. 

The primary aging factor for magnet- 
wire insulation in dry-type transformers is 
heat. However, the material in a trans¬ 
former may at intervals be subject to 
mechanical shocks (short circuits and 
switching surges) and to moisture (high 
humidity ambient). These are not, in 
general, primary sources of deterioration, 
but the insulation must be able to with¬ 
stand any deleterious effects caused by 
moisture and mechanical shock. 

It is difficult, if not impossible, to es¬ 
tablish typical test conditions which will 
produce results applicable, even on a rela¬ 
tive basis, to all reasonable service usages. 
A more practical and informative ap¬ 
proach is to bracket the typical operating 
cycles with the test procedures, thus per- 
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Fig* 2. Relationship between 
corona starting voltage at 25 C 
and hot dielectric strength 
after exposure to thermal aging 
at 200 C 


been exposed to the mechanical and ther¬ 
mal stresses normally encountered in the 
manufacturing operations. Since the 
wires are placed in a typical turn-to-tum 
relationship, realistic dielectric tests may 
be applied to the insulations using the 
copper wires as electrodes. Furthermore, 
the sample is small enough to represent a 
small section of a transformer winding 
with negligible thermal gradient. Ther¬ 
mal aging may be accomplished realisti¬ 
cally in constant temperature ovens. 

Maximum Life 


mitting interpolation of results to any de¬ 
sired conditions. The scope of such a pro¬ 
gram must, of course, be maintained 
within the bounds of economic practi¬ 
cability. This bracketing of field condi¬ 
tions may be accomplished effectively by 
evaluating a composite magnet-wire in¬ 
sulation: 1. under comparatively ideal 
conditions (minimum of thermal cycling, 
moisture exposure, mechanical shock), 
and 2. under circumstances which allow 
performance measurement in an adverse 
situation. Material life at these two ex¬ 
tremes may be determined as max imum 
and minimum life. 1 

Aging Criteria 

The selection of a criterion for the 
measurement of aging rates and insula¬ 
tion life is an important one. Physical, 
chemical, and electrical tests have all 
been used by investigators as measures 
of insulation degradation. Useful infor¬ 
mation may be obtained by the proper 
interpretation of the results of such meas¬ 
urements. However, the final criterion 
for the usefulness of a given high-tem¬ 
perature insulation in electric apparatus 
is its ability to withstand electric stress 
under service conditions. All other aging 
factors axe most significant in so far as 
they affect the ability of the insulation to 
maintain adequate dielectric properties. 

It is also highly desirable, if possible, to 
utilize a test for evaluating aging charac¬ 
teristics which is in itself nondestructive. 

A test which does not destroy the sample 


may be repeated as a function of aging 
time and the aging trends determined on 
an individual sample. Destructive test¬ 
ing, on the other hand, may be accom¬ 
plished only once on a given test piece. 
Many more test pieces are required to es¬ 
tablish the relationship between insula¬ 
tion property and aging time. 

Test Piece 

The evaluation of high-temperature 
magnet-wire insulation for dry-type trans¬ 
formers requires that the factors just men¬ 
tioned be considered. Careful attention 
should also be given to the design of the 
test piece. The most realistic results will 
be obtained when the material is tested 
in a configuration where the physical and 
electric stresses are representative of those 
found in actual apparatus. 

The sample structure illustrated in Fig. 

1 has proved very successful in the evalua¬ 
tion of materials applied to comparatively 
large rectangular wire such as is used in 
the larger dry-type transformers. 8 Any 
combination of insulations to be investi¬ 
gated is applied to the wire using standard 
factory processes. The insulated wire is 
then cut into 10-inch lengths. Two pieces 
axe placed in a jig, spread apart at the 
ends, and the middle 6 inches tied to¬ 
gether with glass yam by an experienced 
operator. The completed sample is then 
given a standard treatment with the de¬ 
sired treating varnish. 

When completed, the test piece con¬ 
sists of two insulated wires which have 


The maximum life may be expected 
from a high-temperature magnet-wire in¬ 
sulating structure when it is not sub¬ 
jected to an undue amount of moisture or 
mechanical abuse. Two nondestructive 
tests have been considered for use in meas¬ 
uring deterioration rates of the sample 
under these comparatively ideal condi¬ 
tions. These are: 1. power-factor meas¬ 
urements on a dry sample at room tem¬ 
perature, and 2. corona starting voltage 
measurements 3 under similar conditions. 
The effect of aging time at elevated tem¬ 
peratures on these properties and on the 
hot dielectric strength of similar samples 
are illustrated in Figs. 2, 3, and 4. No 
significant correlation has been noted be¬ 
tween the corona starting voltage and 
the dry dielectric strength of the material. 
A correlation between dry power factor 
and dielectric strength may exist. How¬ 
ever, it has been found very difficult to 
avoid the influence of ambient humidity 
conditions on the dry power-factor meas¬ 
urements. (Even minutes of exposure 
to atmospheric humidity significantly af¬ 
fect results after the material has de¬ 
teriorated to some extent.) This, com¬ 
bined with the very small effects of aging, 
lead to the rejection of dry power-factor 
measurements as means of establishing 
maximum life characteristics. 

The reduction of dry dielectric strength 
as a function of aging time at elevated 
temperatures, Fig. 4, has been utilized as 
a means of estimating a reasonable maxi¬ 
mum life for the material. The signifi¬ 
cance of dielectric strength criteria has 
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been well established in other investiga¬ 
tions 4,6 and since samples are small and 
relatively simple to prepare it is feasible 
to make a large number of tests. Dielec¬ 
tric strength may then be determined as a 
function of aging time. 

Minimum Life 

The minimum life of materials used in 
ventilated dry-type transformers may, in 
general, be determined by the moisture- 
resisting properties of the insulation. Di¬ 
electric and mechanical stresses normally 
encountered in service are comparatively 
minor sources of insulation degradation. 
However, when the material has deterio¬ 
rated due to thermal aging by flaking, 
crazing, or charring, it no longer provides 
the mechanical bonding or the moisture 
resistance necessary for operation under 
adverse conditions. 

Although dielectric breakdown after 
humidification should serve as an ade¬ 
quate criterion of minimum life, nonde¬ 
structive tests are available. Both in¬ 
sulation resistance and power-factor meas¬ 
urements after humidification on an 
aging sample have been considered. The 
use of 00-cycle power factor measurements 
were selected as superior since they are 
made at the operating frequency, ef¬ 
fects of charging current axe eliminated, 
and tlie power-factor measurement is 
more accurate in practice. The test pro¬ 
cedure given in the following has proved 
very useful. 

At appropriate intervals, the samples 
are removed from the aging ovens, cooled 
to room temperature, and placed in a 
humidity chamber (90-per-cent relative 
humidity, 90 degrees Fahrenheit). After 
24 hours exposure to high humidity, 
power-factor measurements are made and 
the samples removed from the humidifier. 
They are allowed to dry for 24 hours at 
room conditions and then replaced in the 
oven. The cycle is repeated at intervals 
until the power factor, after exposure to 
high humidity, reaches a value of 96 per 
cent. This is taken as the relative end of 


life when using power-factor measure¬ 
ments as a criterion. Typical results for 
class-B magnet-wire insulations are illus¬ 
trated in Fig. 5. 

Measurements were made on a group of 
class-JB samples in a manner similar to 
that described. However, they were 
humidified for 4 hours instead of the usual 
24. Results similar to those of the 24- 
hour humidi fie d samples were obtained, 
Fig. 6, with the exception that the time to 
the relative end of life has been extended. 
The 24-hour test period has been selected 
as most practical since small variations 
in the humidification time have less ef¬ 
fect upon results. 

Sealed units are, with the exception of 
limited exposures during maintenance, 
free from the deleterious effects of mois¬ 
ture. Minimum life under such condi¬ 
tions will most probably be due to re¬ 
duced mechanical strength of the winding 
caused by thermal aging of the bonding 
varnishes. The structure will then be par¬ 
ticularly vulnerable to short circuits and 
switching surges. Varnish decomposi¬ 
tion during aging in the sealed atmos¬ 
phere, which may easily be measured by a 
periodic determination of moisture re¬ 
sistance, should be useful in interpreting 
the minimum life of magnet-wire insula¬ 
tion in sealed as well as ventilated units. 

Mechanisms of Insulation 

Deterioration 

The ability to define the process by 
which an insulation under study ap¬ 
proaches failure would be very useful in 
understanding more clearly the mecha¬ 
nisms of insulation deterioration. Re¬ 
cently, D akin 6 and Malmlow 7 have ad¬ 
vocated that thermal deterioration of in¬ 
sulation be treated as a chemical reaction 
which, as a function of temperature, 
obeys the well known Arrhenius equation. 
Dakin then demonstrated that, in general, 
the logarithm of insulation life is a linear 
function of the reciprocal of the absolute 
aging temperature. Such a relationship is 
useful in extrapolating to lower tempera¬ 


Fig. 6. Thermal aging characteristics as deter¬ 
mined by periodic power-factor measurements 
after 4 hours exposure to 90-per-cent relative 
humidity, 90 degrees Fahrenheit 

tures the results obtained by accelerated 
aging tests at high temperatures. 

Malmlow has effectively extended the 
line of reasoning used by Dakin in studies 
of the aging characteristics of cellulose. 
Certain mechanical properties (for ex¬ 
ample, tensile strength, bursting strength) 
have been shown to deteriorate in a man¬ 
ner which indicates the presence of two 
chemical reactions. The effects on the 
properties, due to these reactions;, may be 
separated, allowing a much more compre¬ 
hensive analysis of the aging characteris¬ 
tics of a material. 

It is interesting to note that similar ef¬ 
fects are encountered in typical high-tem¬ 
perature magnet-wire insulation using 
dielectric measurements as a criterion. 
The ordinate of Fig. 6 (per cent power 
factor =100 sin 8) has been replaced by 
In dissipation factor (In tan 8) and the 
data replotted in Fig. 7. A linear rela¬ 
tionship between In dissipation factor and 
aging time is apparent at each aging tem- 
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Fig. 7. Relationship between logarithm dis¬ 
sipation factor of humidified sample and aging 
time at high temperature (data from Fig. 6) 


May 1954 


Scheideler—Stability of High-Temperature Magnet-Wire Insulation 


179 











Fig. 8. Relationship between logarithm hot dielectric strength and 
aging time at 225 C (data from Fig. 4) 


Fig. 9. Relationship between logarithm hot dielectric strength and 
aging time at 200 C (data from Fig. 4) 


perature. It has been shown 8 that such a 
linear relationship between the logarithm 
of the pertinent physical property (in this 
case dissipation factor after humidifica¬ 
tion) and aging time is indicative of a 
first-order chemical reaction. The rela¬ 
tionships between the pertinent variables 
for such a reaction have been developed 
in the Appendix and are described by 
equation 1 

lo gD—B—Ate~ B/RT ( 1 ) 

where 

D =dissipation factor after humidification 
A - total frequency of encounter between 
reactant molecules 
E- “energy of activation” 

2 ?=molar gas constant 
T =absolute temperature 
5=the level of D at zero time 

When such definable relationships oc¬ 
cur, the data obtained at accelerated aging 
temperatures may be used to calculate A 
and E/R. These values may, in turn, be 
used to determine the relationship be¬ 
tween dissipation factor after humidifica¬ 
tion, and aging time at some lower operat¬ 
ing temperature. Using the form of 
equation 1 values of A and E/R were ob¬ 
tained from the data, Fig. 7, at 200 and 
175 degrees centigrade (C). The calcu¬ 
lated 150 C curve obtained from these 
values agrees very well with the experi¬ 
mental 150 C curve. 

The data of Fig. 4 have been replotted 
in Figs. 8 and 9. The resultant curves of 
In dielectric breakdown versus timp at the 
aging temperature may be represented by 
two straight lines. It is possible, then, to 
define the rate of decrease of dielectric 
breakdown with aging time for either of 
the two distinct parts of the aging curve. 
Values of A and E/R obtained from these 
curves may be used to determine the rela¬ 
tionship between dielectric breakdown 
and aging time at some lower operating 
temperature. ° 

The fact that only one reaction was ob¬ 
served in the measurement of dissipation 
factor while two were indicated in the de¬ 
termination of dielectric breakdown does 
not necessarily indicate any inconsist¬ 
ency. The orders of time involved are 
such that the dissipation factor is prob¬ 
ably indicating only the progress of the 


first reaction. The values of humidified 
dissipation factor are too high to measure 
during the extended aging times, in which 
the second reaction, indicated by dielec¬ 
tric breakdown, would predominate. 

The amenability of the data just pre¬ 
sented to analysis in terms of chemical re¬ 
actions indicates that physical measure¬ 
ments hold promise as a means of inter¬ 
preting the chemical phenomena influenc¬ 
ing the deterioration of insulating struc¬ 
tures. Such analyses may also serve as a 
useful tool in the functional evaluation of 
insulation. The fact that curves calcu¬ 
lated from measurements made at ac¬ 
celerated temperatures may be experimen¬ 
tally verified at lower temperatures indi¬ 
cates that the phenomenon of deteriora¬ 
tion is the same throughout the range 
considered. Justification is thereby pro¬ 
vided for the extrapolation of such results 
to operating temperatures. 

Conversely, the absence of similar 
trends at different accelerated tempera¬ 
tures should serve notice that care must 
be taken in the extrapolation of data to 
lower temperatures. Such a situation 
may arise due to the influence of tempera¬ 
ture on curing characteristics or upon the 
actual deterioration mechani sms 

Conclusions 


1. A test method has been developed for 
the evaluation of high-temperature magnet- 
wire insulation which effectively brackets 
typical service conditions. Consideration 
may then be given to a variety of service re¬ 
quirements in the interpretation of aging 
results. 

2 .. Reduction in dielectric strength at the 
aging temperature may be used effectively 
to determine maximum life characteristics 
of magnet-wire insulation. 

3. The relative moisture resistance of 
magnet-wire insulation as determined by 
dielectric loss measurements after exposure 
to high humidity may be interpreted to 
determine the minimum life of a magnet- 
wire insulation. 


• wmcn illustrate the mati n 

of insulation deterioration may be useful 
interpreting the deterioration mechanisrc 

5. . Determination of deterioration rates f 
a given material may show that the phenor 
enon of deterioration is the same at wide: 
different accderated aging temperature 
Justification is thereby provided for extrs 


polation of aging results to lower operating 
temperatures. 

6 . Caution should be observed in extra¬ 
polating to lower temperatures data which 
do not indicate the presence of the same 
deterioration mechanisms at different accel¬ 
erated aging temperatures. 


Appendix I. Reaction Rates and 
Physical Deterioration 


If it may be assumed that one chemical re¬ 
action is predominant in influencing insu¬ 
lation deterioration, we may write 

m —ki ( 2 ) 

where F(C) is a function of the concentration 
of the most important chemical constituent 
and .A is a rate constant dependent on tem¬ 
perature but not on time t. In order to 
utilize this relationship in analyzing the 
aging characteristics of a given material, it 
must be presumed that some pertinent phys¬ 
ical property (i.c„ tensile strength, elec¬ 
tric strength, dissipation factor) is a func¬ 
tion of the concentration C. Experimental 
verification will, of course, be necessary to 
substantiate this hypothesis. 

If the relationship between concentra¬ 
tion and physical property is valid, we may 
write 


F(D) - Kt ( 3 ) 

where F(D) is a function of the physical 
property D under consideration. 

The reaction rate constant K has been 
proposed by Arrhenius to be of the form 

The validity of this form for representing 
many reactions has been proved by time. 
In equation 4 

A =» total frequency of encounter between 
reactant molecules 
£=“energy of activation” 

R —molar gas constant 
r=absolute temperature 

Substituting in equation 3 from equation 
4 we have 


It can be seen from equation 5 that if the 
torm of F(D) is known and if A and E/R 
can be evaluated, the relationships between 
V, T, and t are defined. For example, if D 
represents dielectric strength, then the di¬ 
electric strength of a material at time t and 
temperature r can be determined. By 
defining F(D) from data obtained at high 
temperatures, the performance of a material 
at lower operating temperatures can be pre¬ 
dicted by means of relatively short-time 
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Discussion 

Paul Narbut (Westinghouse Electric Cor¬ 
poration, Sharon, Pa.): It may be of inter¬ 
est to consider the practical significance of 
the results of the tests presented in the 
paper, particularly, to estimate how closely 
the author came to specifying a meaningful 
test for evaluation of life of turn insulation 
in dry-type power transformers. 

I am substantially in agreement with the 
author in regard to some of his general state¬ 
ments, for instance, that the final criterion 
for the usefulness of electrical insulation 
should be its ability to withstand electrical 
stresses under service conditions; also that 
the most realistic test results will be ob¬ 
tained when the material is tested in con¬ 
figuration where the physical and electrical 
stresses are representative of those found in 
actual apparatus. These statements ex¬ 
press the functional approach to insulation 
evaluation. Insulation should be con¬ 
sidered in good condition if it is adequate to 
perform the intended function. 

To evaluate the author’s conclusion re¬ 
garding the validity of his tests, I should 
Ulf<=> to give results of another test, which 
was made on disk-type coils, typical of high- 
voltage winding construction, using shop 
standard glass-varnish conductor insulation. 
The coils were wound of double conductor, 
which permitted tests on the turn insu¬ 
lation between the two strands. The area 
tested was large. This condition, inciden¬ 
tally, was not met in the author’s tests. 
The coils were mounted and braced in a 
standard manner and were given a shop 
standard varnish treatment, normally re¬ 
ceived by dry-type power transformers with 
class B insulation. Thus, the form of the 
samples represented realistically the actual 
application, as well as the shop practices. 

Dielectric tests on freshly prepared sam¬ 
ples in dry condition gave a withstand value 
of 1,200 volts on a 1-minute 60-cycle test 
between turns. The samples were then 
subjected to several temperature-aging 
cycles at an average of 260 degrees centi¬ 
grade (C), with a total duration of over 20 
days. The degree of varnish deterioration 
resulting from this aging was quite obvious, 
and was severe. After aging, the samples 
were tested again, this time in the atmos¬ 
phere of 92 per cent humidity. The 1- 
minute withstand voltage under this con¬ 
dition was 1,100 volts. 

The question arises: is the turn insulation 
on these samples still in good serviceable 
condition, or not? The dielectric test 
which, as we have agreed, represents one of 
the basic requirements, indicates little or no 
deterioration of insulation. The loss^ factor 
of the aged insulation, to be sure, is high 
* but, frankly, we feel that this is unimportant 
as long as the insulation performs its in- 
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tended function. The aged insulation has 
lost much of its mechanical strength, abra¬ 
sion resistance, etc. But if these are the 
critical requirements, then a valid test to 
determine the end of insulation life should 
be based on these properties, not on arbi¬ 
trarily specified values of dielectric strength, 
or loss factor. Referring to the question 
at the beginning of this paragraph, we do 
not have the answer. Unfortunately, the 
paper does not either. 

It is of interest to ask the question: why 
is there such a discrepancy between results 
reported by Mr. Scheideler, and those re¬ 
ported in the foregoing, regarding the loss of 
dielectric strength of class B insulation upon 
aging. The discrepancy is still greater when 
we consider tests on class B insulation re¬ 
ferred to in the paper. 1 According to the 
latter, the life of class B insulation (phenolic 
varnish-impregnated asbestos) is only ap¬ 
proximately 11 days at 225 C. This is 
based on the reduction of the dielectric 
strength to one-half of the original value. If 
the same end point criterion is applied to 
the author’s data on Fig. 4, it appears pos¬ 
sible that this end point will never be 
reached. Certainly, it would not be reached 
in 100 days of aging at 225 C. 

The reason for this difference is, of course, 
the role which is played by the organic im- 
pregnant in the sample. If the presence of 
this impregnant, in the form of a continuous 
film, contributes to the dielectric strength of 
the combined insulation, then a relatively 
rapid initial deterioration of the dielectric 
strength may be expected. As aging pro¬ 
gresses, however, the dielectric strength will 
ultimately settle down to an asymptotic 
value, determined by the separation pro¬ 
vided by the inorganic fiber. Fig. 4 strongly 
indicates that such asymptotic value of di¬ 
electric strength exists. 

If the design of the apparatus is based on 
this, so to speak, base value of the dielectric 
strength, any prior decrease in dielectric 
strength on aging may not be considered a 
realistic criterion to define the end point of 
insulation life. This is so in spite of the 
fact that the test data obey the Arrhenius 
time-temperature dependence, the first order 
reaction law, etc. It is apparent that an 
approach different from that used by the 
author is required to find the answer as to 
what constitutes the end point of insu¬ 
lation life. In my opinion the only realistic 
approach is that based on a correct evalu¬ 
ation of the actual function performed by the 
insulation in the specific apparatus under 
consideration. It is a functional approach. 

This discussion may appear somewhat 
critical of the author’s efforts. It is true 
that I do not consider the problem solved of 
determining the life-temperature depend¬ 
ence for class B conductor insulation for 
dry-type power transformers. Neverthe¬ 
less, I feel strongly that the data reported 


are a valuable contribution to the available 
information on insulation aging, and that 
the author should be commended for their 
presentation. 

Reference 

1. See reference 5 of the paper. 


A. L. Scheideler: In answer to Dr. Narbut’s 
question concerning the applicability of the 
test methods for determining an end point 
of insulation life, it would be well to consider 
the tests on the disk-type coils which he has 
described. 

Since the discusser’s dielectric test in a 
humid atmosphere reveals little or no de¬ 
crease in electrical strength with aging, it 
seems reasonable to conclude that the ma¬ 
terial would be just as good, or better, when 
dry. Ass uming that this relationship holds 
at the operating temperature, it may be said 
that no end point has been reached under 
ma xim um life conditions. 

According to Dr. Narbut "the degree of 
varnish deterioration resulting from this 
aging was quite obvious and severe.** The 
test just described has given little or no indi¬ 
cation of these effects. One should be care¬ 
ful, however, in condemning the dielectric 
strength test in a humid atmosphere, as a 
means of measuring deterioration of the 
film . It must be remembered that stress 
was applied for 1 minute only. Since di¬ 
electric breakdown caused by varnish de¬ 
terioration would probably be thermal in 
nature, a longer time test, approaching 
more closely the continuous stress con¬ 
ditions of service, may be desired. 

At any rate, measurements of loss factor 
on such a test piece would show the progres¬ 
sive deterioration of the varnish film. An 
end point (96 per cent power factor) may be 
chosen to define the relative life for a given 
combination of materials. To place this 
figure on an absolute basis, it is of course 
necessary to compare such end points with 
those of combinations which have been 
demonstrated as satisfactory under service 
(truly functional) conditions. The figures 
are very useful in themselves in comparing 
the relative merits of different systems. 

I have no particular prejudice against the 
use of mechanical tests in obtaining this 
kind of information. I know of no single 
test, however, which is as effective as the 
humidified loss factor measurement in 
synthesizing the effects, i.e., crazing, crack¬ 
ing, and chemical degradation, which may 
lead to mechanical failures and thermal 
breakdowns. 

The emphasis which should be placed on 
these minimum life tests depends, as Dr. 
Narbut has indicated, upon the importance 
which is attached to the role of the organic 
impregnant in the test piece. It is obvious 
that gross deterioration of the varnish will 
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reduce the mech an ical strength of the com- 
P^ e te coil structure and the hazards of short 
circuits and switching surges will be in¬ 
creased. The relatively free entrance of 
moisture will, if it does not cause actual 
breakdown, contribute to further deteriora¬ 
tion of the insulating structure. Finally, in 
the absence of data to the contrary, it must 
be presumed that some hazard exists from 
the abrasion of glass fibers in the presence 
of minute vibrations. It would seem that 
operating temperatures, which result in 
gross deterioration of varnish films during a 
reasonable service life, should be avoided in 
power transformer design. 


It might be admitted that a dielectric 
strength criterion is open to question if ap¬ 
paratus designs are dependent only on what 
Dr. Narbut calls the base value of the com¬ 
ponent insulation. The criterion becomes 
very realistic however if the structures are 
designed to maintain at least a given per¬ 
centage of initial levels throughout the ex¬ 
pected life of the equipment. Such an ap¬ 
proach seems necessary if factory-proof 
tests are to provide any figure of merit for 
subsequent performance in the field. 

I agree heartily that the only realistic ap¬ 
proach to the problem of insulation evalu¬ 
ation must be based on consideration of the 


actual function performed by the material 
in specific apparatus. I would point out, 
however, that the only direct means of doing 
this is by evaluating apparatus performance 
in the field. Furthermore, it is not eco¬ 
nomically feasible in the design of large 
apparatus to evaluate all proposed materials 
as integral parts of a complete structure. 
Tests on components represent the only 
means by which engineering information 
can be obtained on large numbers of ma¬ 
terials in a reasonable length of time. It 
seems logical that those tests should be 
chosen which provide the maximum amount: 
of useful information. 
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which define the boundaries of core and 
rectifier linearization. 

Shown in Fig. 2 is the rectifier voltage 
current function which is employed in the 
analysis. It is apparent from this figure 
that the back and forward resistances of 
the rectifier are assumed to be constant at 
Rb and R f respectively. 

The core magnetization function is 
shown in Fig. 3 with the appropriate 
cyclic intervals indicated thereon. A 


A REVIEW of the literature con¬ 
cerned with magnetic amplifiers has 
disclosed a myriad of articles doling 
with the load circuit and sometimes con¬ 
trol circuit response of single-core ampli¬ 
fiers employing the self-saturation princi¬ 
ple. 1 4 Each of these discussions has 
utilized specific assumptions which are in 
each case aimed toward an ultimate 
simplification of the mathematical ma¬ 
nipulations which finally lead to the re¬ 
quired response. In many cases the pre¬ 
dicted magnetic amplifier response suf¬ 
fers because of the assumptions thus used. 

One of the most frequent assumptions 
employed by many authors is that of the 
existence of perfect rectifiers for use in the 
self-saturation circuit. This assumption 
limits the usefulness of most analyses in 
which it is utilized. 

Other assumptions often employed 
include the following: 


1. Magnetic material with zero area and 
infinite slope in the flux-current loop. 

2. _ Magnetic material with zero area and 
finite slope in the flux-current loop. 


?■ Magnetic material whose dynamic loo 
is midway between the major a-c flu: 
current loop and the d-c loop 


of finite forward and reverse rectifier 
resistances as well as a flux-current loop 
of finite area and slope. 

Thus consider the fundamental single¬ 
core circuit shown in Fig. 1. Observe 
that a control circuit is not included with 
this core since in the present consideration 
the objective is to develop the load cir¬ 
cuit relationships which will indicate the 
dependency of the load current on the 
rectification ratio and core constants. 

Circuit Response 


This objective will be accomplished by 
employing a linearized rectifier function 
and core function in appropriately chosen 
intervals which allow functional repre¬ 
sentation by defined constants. The 
solution of the governing differential 
equation of core flux shall be obtained 
for each interval of linear representation. 
Constants of integration for each inter¬ 
val solution shall be obtained from the 
boundary conditions. After the evalua¬ 
tion of the flux constants of integration 
has been completed, it will be possible 
to obtain the period-switching angles 


comparison of the assumed magnetiza¬ 
tion function with an actual flux-currcut- 
function is shown in Fig. 0. From these 
figures it may be observed a specializa¬ 
tion has been imposed on the magnetiza¬ 
tion function to the extent that the width 
of the minor loops are assumed to remain 
unaltered at the magnitude given ac¬ 
cording to the major a-c loop and, fur¬ 
ther, that infinite slope exists when </> — t/» v 
and <f> = (j> N . According to measurements 
which have been made for higher grade 
core materials, it appears that such 
specializations are valid. 

Since the sides of the magnetization 
function shown in Fig. 3 are assumed to 
be linear, it is possible to write the 
ampere-turn function 



Each of these assumptions is seen to 
specialize the consideration to an extent 
which may render the final conclusions 
inaccurate. With due respect to the 
trees of analysis cited, it seems worth 
while to consider a rigorous mathematical 
analysis which is based upon the existence 
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List of Symbols 


ferential equation for this interval be- 


c cr0 ss-sectional area of core, square 
centimeters 

-25 R r emanent flux density, gausses 
a* saturation flux density, gausses 
C\ as core excitation constant, maxwells per 
second 

Co =— quality constant, second” 1 
C 4 = quality constant, second -1 

— a-c supply voltage, peak volts 
h. 0 aa coercive force, ampere turns 
ij „ i -a inst. load current (general) amperes 
i 8 _ 2 « inst. load current during time fa—fa 
x 2 __ 8 = just, load current during time fa—fa 

x 3 _ 3 as inst. load current during time fa—fa 

x a _ G ssinst. load current during time fa—fa 

x G _ 7 as inst. load current during time fa-fa 

x 7 __ a = inst. load current during time fa—fa 
k = core-stacking factor 
l = path length of core, centimeters 
JST X — load, circuit turns 
Q a figure of merit or quality of the unsatu¬ 
rated circuit 

JFt x =load resistance, ohms 
JRc. ==»load coil resistance, ohms 

= rectifier forward resistance, ohms 
_Z^j 3 = rectifier back resistance, ohms 


g-(«£)a= (!) 

Here the slope s of the loop sides is 


cLefined as 


4 


The value of coercive ampere turns fa 
in actual magnitude must be obtained 
from flux-current loop data which is pre¬ 
sented on the basis of sinusoidal core 
voltage excitation. The value of fa thus 
obtained is smaller than the normally 
published values contained in manufac¬ 
turers’ data because such data have been 
obtained from sinusoidal current excita¬ 
tion of the test core. It is well known 
tlaat sinusoidal current excitation of a 
core will result in coercive current growth 
due to increased eddy current loss. 6 
From the data obtained by sinusoidal 
voltage excitation of the core, the magni¬ 
tudes of 4> r and 4> s may be obtained.® 

The current becomes 

±— ( 2 ) 

Ni N, 

If the applied voltage is given as 
JSmCosoit, then the differential equation 
for the circuit shown in Fig. 1 becomes 

E>m cos volts (3) 

at 

Here the quantity Rt includes the total 
circuit resistance during the given time 
interval of consideration. Thus, in the 
interval fa to fa, here 

JRt ■» Rtf bs Rf'\~Ri~^Rc 

where 

JZp =forward resistance of the rectifier 


Rt p = total over-all load circuit resistance, 
forward 

Rt b —total over-all load circuit resistance, 
back 

s=slope of flux-current function (ampere- 
turns per maxwell) 

fa, fa — begi nning and end or closure time 
or the a-c cycle of consideration, sec¬ 
onds 

£ 2 =time end of negative loop knee, seconds 
t %=time at initiation of core conduction or 
positive loop knee, seconds 
U — same as fa for materials with infinite 
slope 

4 =end of core conduction, seconds 
ti ==end of rectifier positive conduction, 
seconds 

fa —beginning of negative loop knee, seconds 
<f >=interval core flux, maxwells 
“saturation flux, maxwells 
$jy=flux level from fa to fa, maxwells 
<£ cl = integration constant for period fa to fa 
Qa —integration constant for period fa to fa 
<l>a =integration constant for period fa to fa 
0 B =residual or remanent flux, maxwells 
g(<f>)=ampere-turn function 


2 ?i = load resistance 
J? c = coil resistance 

Here the flux is unchanging at the value 
tjtjf, the negative flux swing. Thus, 

— = 0 from fi to ti. Then the current 
dt 

becomes 


no _ . 

Em cos wf = — Rtf~ T7 R-TF-r 

Ni 

N, fxW- ( 7 ) 

at 

Equation 7 holds until time fa where the 
rectifier resistance changes from the for¬ 
ward resistance Rp to the back resist¬ 
ance, Rtp must be changed to Rtb in 
equation 7. 

From time fa to fa 

s<j> _ fa „ , 

Em cos wf=— Rtb —rr Rtb-t 
Ni Jy 1 

W.^XIO- (8) 
dt 

At time fa the core flux has reached its 
negative swing and from fa to fa, 

"0 ••• (W 


At the time fa in the cycle, the propor¬ 
tionality factor between the current and 
flux has changed so that the differential 
equation in the interval fa to fa becomes 

Em cos at 10 * 

Ni Ni dt 

(5) 

When the time fa has been reached in the 
cycle the flux has reached saturation so 

that from fa to fa to fa, <f>=d>s and — —0 


cos oil (6) 

Rtb 

As the cycle of operation proceeds to the 
interval from fa to fa the flux has left 
saturation and is thus changing. The dif- 


From these differential equations and 
instantaneous current relationships the 
following quantities will be obtained in 
view of their importance for appropriately 
describing the action of the circuit: 

1. Firing time fa as a function of circuit 
parameters. 

2. Time fa when the core leaves saturation. 

3. Tim* fa when the rectifier leaves forward 
conduction. 

4. Magnitude of negative flux swing. 

5. Instantaneous current functions for the 
complete cycle. 

6 . Average current for a cycle. 

The quantities 1 through 6 can be evalu¬ 
ated from a consideration of the general 
solutions to equations 5, 7, and 8. 

The general solution to equation 5 
which represents the flux in period fa to fa 
becomes 


= (C 2 H-« 5 ) 


[Cz cos cof+w sin at ]— 

—( 10 ) 

s 


G-^XIO* 

10 ® 



Fig. 2 (left). Rectifier voltage- 
current characteristic 


Fig. 3 (right). Magnetization 
function 



May 1954 


Frank, Rabotnick, Walker— Single-Core Magnetic Amplifier 




















fa = constant of integration 

The general solution to equation 7, 
the equation for interval 4 to 4 is 


06 - 6 = 


Cl 

[Cz cos wt+a sin «/]+ 


(C^+o.2) 


:+4>c26~ C * (t - td ( 11 ) 


here fa is a constant of integration for 
the interval indicated. 

For the interval 4 to 4 the solution of 
the differential equation 8 becomes 


™ s (a*+« s ) 

[C 2 cos co4+c<> sin fa] (15) 

The time 4 may now be obtained impli¬ 
citly from the relation for fa 6 by evaluat¬ 
ing 05-6 at 4. Thus, when t — ta and 

05—6 — fa 

Cl 

[ c 2Cosw4+«sinw4]-f 
ha 


quantity may be obtained by use of equa¬ 
tions 2 and 4. Observe that at 4 

sfa ht Em cos fa 
Ni + N t " Rtj, 
from which 


cos w 4 1 


A0at ho \ 
EmANi^Ni) 


06-7 = 


Ci 


w , „ 

(C 4 2 ^. w 2) c °sw/+(osin w/]-j- 


J+0 C 36' C4(<-t ‘ ) (12) 


here 

C< - f W XI °* 

fa —constant of integration for this interval 

As indicated, it is necessary to obtain 
the 4 where the core leaves saturation. 
This time may be obtained by a considera¬ 
tion of the following: 

Use of relations 2 and 6 at time 4 
when 0=0, gives 

. Em 

* —~— COS uti 

Rtf 


Although the time 4 is not explicitly 
given by 16 it may be obtained by a 
substitution method which is indicated 
in a later section. This time 4 is an 
important factor in describing the cir¬ 
cuit action because it gives the time when 
the rectifier current is zero after core 
extinction. The negative swing of the 
flux may now be evaluated by a con¬ 
sideration of equation 12. To obtain 
this quantity, it is first necessary to 
evaluate the constant fa which may be 
done at 4, thus 

, Ci „ „ 

• [Cl cos 6)4 +a sin 6)4 ]+ 

ha 

-+fa m 


s +fae C2(l ‘ <M (16) Use of equation 20 will allow fa to be 
calculated from the foregoing. 


s (<:,*+»•) 

[Ci cos w 4+6) sin 6)4] ( 21 ) 

The time 4 may now be obtained by use 
of equation 10 when 0 = 0, at 4. 

Thus 


0S 1 


/ sts-hq ) Em 
\ A T i / Rtf 


Tp 

COS 6)4 


cos co4 


_ / -RrA / sfa-hA 
\E m J\ Ni ) 


(13) 


or 

1 , Ci 

fa =0/?—^ j [C* cos 6)4 +co sin o>4]- 

The time 4 may be obtained by utilizing 
equations 2, 9,12, and 17. 

Em ha s T C, 

Etb Ni JViLc, 2 +a) s 


[ Ci cos 6)4+6> sin 6>4} + 

«-<4(4-4> J (18) 


ha 

~+0C,€ 

5 


It should be observed from the as¬ 
sumed magnetization function (Fig. 3) 
that the slope (s) of the sides of the func¬ 
tion are given by $—~. i n view of this 

0fi 

equation (13) becomes 

<*> 

This equation is important in that it re¬ 
veals the dependence of the extinction 
angle for the core on the core constants 
and ratio of coercive current to peak 
load circuit current. This relationship 
will be discussed more fully in the section 
devoted to the calculations for various 

magnetic materials. To obtain the time fa _ r C ... 

4 it is necessary to utilize the flux func- ( c < s +«*) ^ ah+< ° sm 

tion for the interval 5-6. 


Again equation 18 does not give an 
explicit relationship for 4; however, it 
may be obtained by a substitution method 
which is explained later. 

Since the time 4 is known, it is now 
possible to calculate the value of the nega¬ 
tive flux swing 0^ by a utilization of the 
flux expression fay. When t=k the 
flux 06_ 7 becomes equal to fa, hence 

Cl 


0s- c 1 


Ci 


(C 2 *+6) J ) ^' 2C0S «<+o> sin o)f]+ 
ha 

~+0ca e“ c a<*-4) 

which at time 4 becomes, where 0=0, 
* ,== (C2 2 +„2) 005 “4+6) sin 6)4]+-+^ 


—+0e,€ -<7 «4-4) (19) 

The firing time 4 may be obtained by 

first calculating the constant fa at 4 by 
use of equation 10 . Then 


02—S =0A) ! 


Cl 


(C t *+6) 2 ) cos w 4+o) sin 6>4]— 
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Ci _ j ta 

°(C 2 2_j_ {i) 2^ LCj cos 6)4+6) sin 6)4]-f- 

fae-Ws-h) (22) 

Equation 22 does not explicitly relate the 
firing point 4 for the core, however, this 
time may again be obtained by the sub¬ 
stitution method. 

To compute the average value of the 
load current per cycle, it is necessary to 
compute all of the instantaneous cur¬ 
rents which hold in the periods of core 
and rectifier consideration. The cur¬ 
rents which hold in the intervals 4-4, 
4~4i and 4—4 have already been calcu¬ 
lated and given by equations 4, 6, and 9 
respectively. The currents which have 
not been specified are those in the interval 
4-4, and 4-4. The current from 4 to 4 
must be broken into two parts since the 
rectifier changes resistance at time 4. 
Thus the current from 4 to 4 is 

Niii=*s<j)—ho 

. £0 h 

1lS= Ni Ni 
, Ci 

S # ^lL(C 2 2 +6) 1 ) * C2 C ° S Ul+U Si ” 0,1 1 + 

(23) 

The constants c h and c„ and fc, have al- 
mdy been evaluated. Hence equation 
3 provides an explicit expression for the 
mterval (exuations 5 and 6). 

In the interval 4 to 4 the rectifier re¬ 
sistance changes from R p to R B , and the 

beC ° meS which 

gives for the current 

_jT Ci 

7eSS JViL(C 4 a +a,2) cos + 6)sin 6,/]+ 
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The constants Ci, Ca, and <j> et have been 
obtained, thus equation 24 explicitly 
defines ig-7 the load current which flows 
in the interval (equations 6 and 7). 

The current h to h may be expressed 
in a similar fashion by <£2-3. Hence 






[C 2 cos w/H-w sin «/]+ 

^ ig _ C2(t _ (2) 1 (2g) 


The constants C\, and <j> ei have been 
previously evaluated so that is 
explicitly defined. 

Discussion of General Relationships 

It is observed that the magnitudes of 
the core constants <t> R , <f> s , h, and s are 
important factors in determining the 
boundary angles for the cycle of core 
operation. Similarly, the magnitudes of 
rectifier back resistance and forward re¬ 
sistance R b and Rf are important factors 
in determining the same boundary angles. 

An example of this dependence exists 
in the angle w/ 6 which represents the 
angle in the input cycle where the core 
leaves saturation. By equation 14 it can 
be seen that the angle depends on two 
important factors, since 


Rtf ha (<f>s 

cosu/ s «—r — 1 ) 

Ni Em \<i>R } 

Rtf X10 8 ha /0 a A 
uNi<f>, N\<I>r ) 

Here it is assumed that unity excitation 
, , . ^X10«_ 

of the core is employed, i.e., —T7T" _i 

ojiv \(p s 


. ’ . COS = 




-(■-£) 

<io- sN 

-(■-£) 


O= _^_ xl o. 

The factor a is a factor whose general 
form occurs throughout the develop¬ 
ment. As may be readily seen, it is of 
the form of 1 IQ where Q is the quality 
of the instantaneous circuit under con¬ 
sideration. If the reactance factor 

—^X10~ 8 which is equivalent to 


uLi =wiVi V 


i 

M s\4*rAj 


total forward resistance, then the angle 
of core extinction can become less than 
ir/2. This condition is often observed 
in practice, especially where the value 
of total forward circuit resistance is large 
in comparison to the unsaturated react¬ 
ance factor ———X10 -8 . 
s 

The angle «/ 8 is implicitly given by 
equation 16. To clarify the dependence 
of ute on the values of parameters, it can 
be seen that if the unsaturated react- 
coNi* 

ance factor —-X10 -8 is large m com- 
y 

parison to Rtf then C2<<w. Thus by 
equation 16 

Ci , \.ho 

— («smu(j)r—r^e» 

<02 s 

and from equation 16 

ho Ci 


"*•“2 


since ju--( --) is lar S e in comparison 

S\4:TrA/ 

to the total forward resistance of the load 
circuit, then the angle co/5 is very close to 
7r/2 which is near the end of the voltage 
cycle even if <j> u «<t>s- However, if the 
factor is small in comparison with the 


This indicates that the flux cannot swing 
below the residual flux if the back re¬ 
sistance of the rectifier is high. It is 
apparent from the general relations, how¬ 
ever, that 4>n wifi swing below <f> R if the 
slope factor s becomes very small allow¬ 
ing ^^XIO- 8 . This situation 


. 4>r 

sin utt *=—• 


Ci _5»io._^4l (27) 

Ni Ni 

If then 0«=0, the angle w/a=w/ 8 and fur¬ 
ther if (f>R<4>t as in the materials without 
square flux-current loops, the angle 
co/a lies beyond tt/ 2. Tor example, with 
Hipersil this angle is approximately 118 
degrees and for Supermalloy gives a value 
of 130 degrees. 

Another factor which is of great interest 
in this circuit analysis is the magnitude 
of the lower tip of the flux swing <t> x - 
Consider equation 19 for <f> N in which the 
factor Ca enters as an important quantity. 
The factor Ca is again a 1/Q or inverse 
quality factor which is now given by the 
ratio of the back resistance to the un¬ 
saturated reactance factor of the core. 
Thus, Ca = Rtb/W/sX 10 8 . If now Ca» 
«, which condition would exist if Rt b 
or the rectifier back resistance were 

very much greater than-X10 8 , then 

by equation 19 

Ci .ho 

<f > x =—■ cos co/H— 

Ca s 

However, since the first term is ap¬ 
proximately zero due to the high Rtb then 

s 


is often observed with Supermalloy which 
has an extraordinarily small value of 5. 
If a large number of load turns Ni is 
used with Supermalloy with even the 
best high back resistance germanium recti¬ 
fier, the value of <t> x is seen to be much 
less than <f> R . 

From this relationship it can be appre¬ 
ciated further that the frequency depend¬ 
ence of the quality factor is an important 
consideration. Especially is this true 
for the case of small s. At higher supply 

frequencies the factor —- X10 -8 be¬ 
comes large for materials with small r 
and a usual number of load turns. When 
this value is compared to values of Rtb 
which are physically realizable it may be 
appreciated that no advantage is gained 
in use of the higher slope materials such 
as Supermalloy at the higher frequencies. 
The opposite case that 2?ra<< 

a. W 2 

—-X10 -8 yields the relations C 4 <<«, 
y 

then by equation 19 
Ci 

<f> x as— sin uti ■+■ ha / s —• </>•, 

« 

and by equation 17 
0 c j = — 0 s sin w /4 
also by equation 1 8 
Ei ho s P Ci . , 

Rtb Ni IViL « 


h ^ . .1 

-0jSin wZ* I 


R q*Q m . 

cos ah— m ' ~ [sin wft —sin w/eJ 

xio- 

but since 


^7-TT 


This gives 

—0»or0iv= ! 0B—20* (29) 

o)Ni s 

In the case of square loop materials 
this becomes 
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Fig. 4. 


<kv = —< 


Flux-current relationship for case of 
Rtb- 


aNi 2 

»>>—xio - 8 

s 


(30) 

The result (equation 30) indicates that if 
the back resistance is small in comparison 
to the unsaturated reactance factor the 
negative swing of the flux will extend to 
the lower knee of the flux-current loop. 
If this is true, then the rectifier no longer 
offers a difference of resistance to the two 
directions of applied circuit voltage, 
hence the average value of the load cur¬ 
rent is zero and the average value of the 
flux in the core is zero. Accordingly the 
major flux-current loop will be traced 
during 1 cycle of input voltage as indi¬ 
cated by equation (30). Here the limiting 
cases of large and small back resistance 
and as well as have been 

considered, so as to yield certain informa¬ 
tion concerning the deterioration of the 
major loop for the core material as a 
function of the core and rectifier pa¬ 
rameters. 

It is of further interest to show that the 
limiting values of rectifier resistance will 
yield the proper values of average load 
current. The two cases to be considered 
are, for case 1 (see Fig. 4) 

Rtb» --X10-8 

and for case 2 (see Fig. 5) 

1 -X10- S 
s 


Rtb—Rtp 

For case 1 the currents for the complete 
cycle may be written 

Em 

ll -2 =~— cos at 
Rtp 

sin w/ 'H 2 ^+4'*) <rC2<, “ <2) ] 

Em 

COS at 

Rtp 

. ho <t>$ . 

2d- 6 = — — sin at 
Ni <f> R 

s Ci 

H-7 — —T — COS at 

Ni C 4 

. Em 
27 - 8 = ~ - cos at 
Rtb 

to^to^tj^T/2 


atz 




(31) 


and since 


_ i i 

1 /, , > / li-2^/+--- X 

\h h )J tl (h—ts) 

A 

J H-idt/<t>R—<f>x, tj—Sv/ 20 , 


r I Fffl x 
Uv % R Tp ~~ 

r 1 Em 
TT - 

TT 


1 Em 
t R Tb 


Rtb»Rti 


(32) 



This result is completely in agreement 
with experiment since in an actual meas¬ 
urement it is found that if 0*=^ then 
T —1 Em 

1 t Rt p v_uc ^ 1 agreement for this case 

becomes apparent from a consideration 
of equation 31. 

For case 2 the equations for the instan¬ 
taneous period currents are the same as 
for case 1 except for the two currents 

^ Ci 

2-3 ~Ni ( ‘ Sln at ~ sin «*2<f cw_<2 >) 

, _ J Ci. . 

u (sin wf—sin «^« -C2 ^ -< ®l) 

which allow the calculation of the average 
current to proceed on the same basis as 
for case 1. The average current becomes 

M <f>it N i <f> R ~° 

This result of course agrees closely with 
experiment. 3 


ance to the uusaturated reactance for the 
core shall determine for a given core 
material the quiescent value of the load 
current (that load current which exists 
with no external signal applied). T1 ic im¬ 
portance of the magnitude of rectifier 
back-to-front ratio for a core material 
whose constants are known is shown so 
that in a practical case the proper core 
material and load turns ‘may be chosen for 
a given rectifier, or vice versa, that the 
material may be utilized in the region of 
greatest signal sensitivity. 

A practical computation of the case of 
Deltamax material is shown in the follow¬ 
ing section to illustrate the dose agree¬ 
ment with observed results which may 
be expected from the analysis. 

Calculations for Deltamax 
Core Materials 

To illustrate the application of the 
analysis for a circuit of average practical 
parameters the following calculations are 
presented. With reference, to Fig. 1 the 
parameters are 

Ni =2,000 ohms 
Rc — 35 ohms 

Arnold Engineering 
Rp 2o ohms / ,,, core 4178 
Rb =20,000 ohms ) General Electric (ype 

0-10 rectifier 

Ri = 500 ohms 
Rtf=560 ohms 
Rtb=* 2.05X10* ohms 
Ac— 0.807 centimeter 2 

The core data for the circuit was ob¬ 
tained by the approximation shown in 
Fig. 6. 

Here 

Ho =coercive ampere-turns per centimeter of 
core length 

/2o=coercive ampere-turns 


186 


Conclusions 

It is important to note that the rela- 
hve magnitudes of back and front resist- 
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Table I. Solution of Equation 33 


g t .0,-90°.[1.755 X10-M®.I"®.375®.3.74 cos0..377sm8«.®+© 

103 0 13 . 22.810X -4 _0.9997.375 . -0.842 . 307 . 360 

o - 0 . B 8 78X10 -4 . 1 .375 . —0.326 . 375.5 ......375.2 

95 . 50 "'. 5.5..... 9105X1O- 4 . 1 .375 -. -0.35 . 375.3 .374.95 


Table II. Solution of Equation 34 


J,. cos 07 . .139 cos 07. .377 sin 07..®+® • 

240°.. -0.5 .. -09.5 ,.-326 ..-395.5. 

245°....-0.423 .. -58.7 ..-341.0 ..-400 . 
246 5. ..-0.3987.. -55.4 ..-345.7 ..-401 . 


0.863X10“ a ®... 1.22X1O"»A0. .0.312* - W>..®-® 


0.054 ..-0.395 
0.051 ..-0.396 
0.049 ..-0.395 


-0.341 

-0.345 

-0.346 


By interpolation 07 =» 246.7 


Table III. Solution of Equation 35 


n .3.53A0.®—281 .100 cos 08.995Osin0i.® + ® 

360® !!!!!!!’*.'* '310 . 35 . 100 . 0 . 100 

359.6°. 314 . 33 .. 100 . 69 . 81 


0 a=residual flux in maxwells 
s— ampere-turns per maxwell 
+c=core cross-sectional area in square centi¬ 
meters 

ft =core-stacking factor 

0 S = BMc » (14,500)(0.807)(0.85) 

= 9,950 maxwells 

<t>R = B R kA c ~ (14,450X0.807X0.85) 

= 9,910 maxwells 

_m (0.15)(17.92) 

*~0 a “ 9.910 

ampere-turns 

= 2.71X10-*- — 

maxwells 

/io=2.69 ainpere-turns 
E»-»JV,0,X 10-« = (377X2X10 3 X9,950)X 
10-8=75 volts 

Evaluation of all Equation Constants 


-X10® = 37.5X10* 


C 2 =^X 108=3.79 

Ni 2 

0=^X108 = 139 
Ni* 


6. 1.785X10-* 

180 w 

7. G‘=C.^---1.22X10- 

180 w 

The method to be employed in evaluating 
the various time boundaries and constants 


of integration will be, first, to determine 
(0 O ) and then solve successively around the 
loop, closing the cycle again at (0 6 ). This is 
necessary because only (0 6 ) is known ex¬ 
plicitly. 

8. From equation 13 
cos 0o=4.05 X 10~ 4 

Hence * 

0 # «9O° 

9. From equation 15 <f>a is solved at 0 = 0 B 
0 C2 = —9,910 maxwells= —<f>n 

10. From equation 16 0« is solved at 
0=0*. Since C2*(0e— 0«) is very small, the 
exponential may be expressed by the first 
two terms of its power series expansion. 
Numerically, this equation becomes 


of successive approximations because of its 
transcendental nature. (See Table I.) 
Interpolating, 0o=95.5 0 

11. From equation 17 <j>e $ is evaluated. 

0 e,= —8,430 maxwells 

12. From equation 18 07 is obtained. 
Numerically 

cos 07 = 0.863X10 " s [139 cos 0? 377 

sin 07 ]—0.312e~ 1,M>a#_ * (tf7 ”®^ ( 34 > 

The last term may be neglected if the back 
resistance is high. (See Table II.) 

13. From equation 19 0w may be deter¬ 
mined at 0=07 

<j)ff =281 maxwells 

14. From equation 20 02 may be computed 
at <f> — <t>N 

cos 02 = 1.03X10“* or 0 2 =270.6° 

15. From equation 21 0 c, is derived at 0 = 02 
0 e,= 0 W + 0 fl + 0 ,=20,140 maxwells 

16. From equation 22 0 3 the firing angle 
is derived . The last term of this rela¬ 
tion may be expanded in a power series. 
Numerically 

-281+3.63(03-02) = 100 cos 0 3 +9,95O sin 0 3 

(35) 

(See Table III.) 

It is evident that the core will be in satu¬ 
ration from 0 3 to 06. Hence, the cycle is 
completed when 0 = 05 . 

Determination of the Instantaneous 
Currents 

1. 90° £0^95.5° 

From equation 23 

i,_ 8 =13.55X10-* cos 0+1.35X10 ~ 3 
sin 0 —1.342XlO-8[l-1.755XlO- 4 (0-06)l 

0=90.93 .95.5 

4_ e .=0.008. 0.006 . 0.0017 


375[l - 1.?55X1O _4 (06— 90°)] where 0 is in degrees 

= [3.79 cos 0 # +377 sin 0„] (33) throughout. 

This equation must be solved by the method 2. 95.5° 2*0 ££246.7 


where 0 is in degrees and i is in milliamperes 
throughout. 


earn— 

mm 



Fig. 7. Load current 
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From equation 24 

*6-7“ [0.439 cos 0+1.19 sin 0- 

1.042e“ 1 ' J2x1 °- 2 ( tf -«*) ] X10 -8 

130 iso 170 190 

* 7 - -i-0.056 - 0.321- 0.646 - 0.968- 

210 246.7 

1.233 - 1.431 

3. 246.7° 2s0^27O° 

From equation 9 

^-s^S.GSXlO' 8 cos 0 

?” 260 . 260 . 270 

* 7 -«= - 1.25.- 0.0635 . 0 

4. 270°s£0g270 o + 

Since the current is very close to zero here 
no attempt was made to determine these 
currents, accurately. Experimentally this 
assumption was found to be valid. 


5. 270° ^0 £359.6° 

From equation 25 

its — [0.01355 cos 0+1.35 sin 0+ 

2.73(1 -1.755 X10 ~ 4 Ad) ] X10 ~ 8 

?" 28 ° , ••• 30 ° -.320 ..340 ..359.6 

**-»« 1.40... 1.57.. 1.85.. 2.247’.. 2.69 

6. 359.6° £0^90° 

This is the conducting interval of the 
cycle. From equation 6 

*3—5 5=5 133.9 X10 ~ s cos 0 

0* 360 ..20 .. 40 ...60_70 . 80 

*i-»« 133.9. .125.8. .102.6.. .67_45.8. . . .23.2 

Shown in Fig. 7 is a graph of the current 
for two cycles. The experimental curve was 
found to be in close agreement with this 
figure. * 
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Discussi 


sion 

R. M. Wundt (Wright-Patterson Air Force 
Base, Dayton, Ohio): The choice of the 
magnetization function is of prime impor¬ 
tance m the analysis of magnetic amplifiers. 
The authors analysis is based on the am¬ 
pere-turn function 


£($) —tiJVi =s0±Ao 


(1) 


This type of function is discontinuous, and 
represents a box-type hysteresis loop. It is 
quite suitable to represent core materials 
with a rectangular hysteresis loop. 

Another simple magnetization function 

cu^p n e r° b f ta S ed by considerin e the exciting 
current of the core. This is composed of 

two components, the magnetizing current 
which ls in phase with the flux, and the loss 
current which is in quadrature with the 
flux These two components can be repre¬ 
sented by two terms which are respectively 
proportional to the flux itself, and to the 
derivative of the flux 


g(d>) «= 


(36) 


The coefficients c 0 and c x can be easily deter¬ 
mined from the magnetizing current and 
the loss current of the material, or from the 

hysteresis lo °P taken with sinu¬ 
soidal current. The same type of mav- 
netization function is obtained by considi 

tL fa l CUIT ? tS in A* core material. 
The laminations of the core act like short 
cucuited second^ windings of a tia * 
fonner. A simple calculation shows that 
the primary ampere-turns of the trans- 
ormer consist of two components which are 
proportional to the flux and to the deriva- 
tive of the flux respectively, j ust asIS- 
cated m equation 36. 

foncaon is c °ntmu- 
ous, and descnbes an elliptical hysteresis 
^op in the case of sinusoidal excitation, be¬ 
cause the magnetizing force gU) has a 


phase shift with regard to the flux. Hence, 
hysteresis loops which are more rounded 
such as are displayed by Supermalloy, may 
be represented by the elliptical function of 
equation 36. 

The characteristic differences between the 
functions of equations 1 and 36 are these: 

1. In the function of equation 1 the mag¬ 
netomotive force undergoes discontinuous 
changes =b/to at certain intervals. This 
switching of the coercive force h is equiva¬ 
lent to a switching of the control current 
from +/ 2 to -It, where I 2 N 2 =*k>. 

2. In the function of equation 36. the mag¬ 
netomotive force undergoes a continuous 
change which is proportional to d<l>/dt. 

4 his function gives the same results as the 
function of equation 1 when expand a con¬ 
trol current I 2 «* ho/N 2 is introduced. 

,. A . n analysis of a single-core 2 -mesh circuit 
(including a control circuit) has been made 
t>y using the magnetization function of 
equation 36. The numerical results are 
quite^similar to those given in this paper. 
Due to the continuity of equation 36, the 
tunes and fc, as marked in Fig. 3, do not 

W T f h I! brbgS ab0Ut a sli * ht simpli¬ 
fication of the procedure. 

magnetization function of equation 

StZ&l'S*' *° include 

g(<l>) m Ca(t>+cid<i>/dt+c 2 d i <f>/dt 2 + ... ( 37 ) 

This type of function may be useful if closer 
^desired 3 * 1011 ° f ^ actual h ysteresis loop 


AifhJ rS S * ul * abotaick > J- R * Walker: 
Although the simple analytical method out- 

med m this paper does not yield new circuit 
^ should be appreciated that 
the method has been extended to more prac- 
TfSfi 3 ™ 1 C0 « 1 Piex circuit considerations, 
ihe first application of this procedure was 


attempted with the single-core double-mesh 
amplifier m which the same flux-current 
function was employed. 

The comparison of theoretical and experi¬ 
mental data shows exact agreement; how¬ 
ever, it has also been shown that the flux- 
current function suggested by Dr. Wundt 
aiso yields good agreement. Further, the 
method of analysis suggested in this paper 

to the 2 -c“ re full-wave 
doubler amplifier m which soma disagree- 
ment has been shown between theoretical 
and experimental data for the case of low 
rectifier back resistance and square-loop 
core material. It is thought that the pres- 
nt inaccuracy may be removed by the use 
of a more realistic representation of the 
flux-current function, but whether the im¬ 
provement provided by the addition of a 
to the presently as- 

XSmrf removes itlaccurslc y fa 

Whether the sinusoidal current excitation 
which is necessary for the determination of 
e constants C 0 and Ci represents the type 
of core excitation which would occur in 
actual circuit function is further open to 
question It has been our experience that a 
sinusoidal voltage excitation of the mag¬ 
netic material will provide data which is 
more nearly descriptive of the flux-current 
function occurring in amplifier operation. 

In a practical sense, there occurs a possi¬ 
bility regarding the reduction in complexity 
of an interval analysis of the type contained 
m this paper for the case of a seemingly con¬ 
tinuous core-excitation function of the cut 

fnn«* ,Ca 3 T\ instead tbe discontinuous 
function which was employed. For the 
smgle-core 2 -mesh amplifier study, it was 
observed that some reduction in [he „um! 
oer of equations necessary for full-cvcle 

WaS possibIe - However it is 
fdt that such a consideration is not sufficient 
t warrant the use of this function, which 

cir?t-f 0t extend the accuracy of predicted 
circuit response. 
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Digital Computers as an Aid in 
Electric-Machine Design 

R. M. SAUNDERS 

MEMBER AIEE 


D IGITAL and analogue computers are 
being recognized gradually as aids 
in design procedures applied to machines. 
Recently the Motor Network Calculator 
(MONECA), an analogue computer for 
single phase motor design, was de¬ 
scribed. 1 * 2 In addition there have been 
other references describing the use of net¬ 
work and differential analyzers to solve 
some problems touching on machine 
design. Thus far there has been very 
little reference in the literature directly 
pertaining to the use of digital computers 
in the machine design function. The 
purpose of this paper is to attempt to 
show that under some circumstances the 
digital computer has a definite place in 
the design procedure and to attempt to 
stimulate the use of this valuable tool for 
design activities. 

The Case for the Digital Computer* 

The design function most often exer¬ 
cised in electric machine synthesis is the 
principle of repeated analysis. In prac¬ 
tice the designer reviews the specifica¬ 
tions for a given machine and then con¬ 
sults either a similar design or a set of 
curves relating previous experience to the 
situation at hand. With these data, he 
applies a certain degree of artistry and 
makes a series of choices of conductors, 
slots, winding arrangements, and ma¬ 
terials. Having settled on a key group of 
choices, he analyzes his machine and sees, 
in the end, if he has met the specifications. 
If he has met the original conditions, he 
has a solution. This does not mean that 
he has the optimum solution. To opti¬ 
mize, he must make repeated analyses 
until he has sufficient data to plot a con¬ 
trol curve or to dearly illustrate that one 
of the solutions is the optimum. If the 
first solution does not meet the specifica¬ 
tions, he must make repeated analyses 
until his results converge to the spedfica- 
tions. The number of iterations neces¬ 
sary is a function of the competence of the 
person doing the work. The more experi¬ 
enced engineer, in general, will converge 
to a solution with fewer iterations than 
an inexperienced individual. What the 


digital computer will do is make these re¬ 
peated solutions with a great deal of ease 
and speed, thus releasing the experienced 
engineer from the drudgery of the com¬ 
putations and leaving him free for more 
productive work. Furthermore, it will 
seek out solutions and make repeated 
analyses at a prodigious rate so that, in 
effect, “no stone is left unturned.’’ 

The basic advantage of the digital 
computer over hand operations is the 
speed at which successive iterations can 
be performed. It is estimated that 25 
experienced calculator operators will be 
about equal to one punched-card calcula¬ 
tor. However, the programming or setup 
time with the punched-card system is 
sometimes quite long. Thus one must 
have a considerable volume of work to be 
done to realize a net saving. To make 
punched-card calculations attractive, the 
situation must exist where the final 
design can be arrived at by repetitive 
computations of fairly large magnitude. 
Situations of this type exist where there 
is a large dollar volume of a given ma¬ 
chine or line of machines involved. They 
also exist in the case of mass-produced 
items. An example of the first might be 
a machine for a large generating station 
where there are several duplicate ma¬ 
chines. An example of the second situa¬ 
tion is one where a manufacturer plans to 
build to one design several thousand frac¬ 
tional horsepower motors. 

The decision as to whether or not one 
should build a computer for the specific 
job is generally made on the basis of the 
use factor such a machine is apt to have. 
Veinott 1 * 2 has described a very fine ana¬ 
logue computer that solves many of the 
day-to-day problems of small motor de¬ 
sign that face his company. Many de¬ 
sign situations are such that the volume 
of work needing a special machine of this 

Paper 54-168, recommended by the AIEE Comput¬ 
ing Devices Committee and approved by the AIEE 
Committee on Technical Operations for presenta¬ 
tion at the AIEE Winter General Meeting, New 
York, N. Y., January 18-22, 1954. Manuscript 
submitted October 19, 1953; made available for 
printing November 27, 1953. 

R. M. Saunders is with the University of Cali¬ 
fornia, Berkeley, Calif. 

The techniques described herein were largely de¬ 
veloped while the author served as consultant to the 
Aeronautical Research Department, Minneapolis 
Honeywell Regulator Company, Minneapolis, 


type is not sufficient to warrant the in¬ 
vestment. In such cases, general purpose 
digital and analogue computers may also 
fill the bill. On the other hand, if the 
use factor on general purpose machines 
becomes too high, the purchase or build¬ 
ing of a special machine might be war¬ 
ranted so that the general purpose ma¬ 
chines are made available only for special 
short-term applications. 

The advantages of the digital over the 
general-purpose analogue computer in this 
application, which may or may not exist 
in any given plant, are: 

1. Flexibility and economy, 

2. Availability, 

3. "Naturalness.” 

The general-purpose digital computer is 
not designed for any particular computa¬ 
tion. Thus a digital computer may at 
one tim e be doing accounting computa¬ 
tions and in 30 seconds or less be doing 
machine-design problems. The only shift 
that needs to be made is the change of a 
plug board, a tape, or other direction stor¬ 
age equipment. 

General-purpose punched-card com¬ 
puters are common installations in busi¬ 
nesses and are used extensively for ac¬ 
counting purposes. It has been ascer¬ 
tained* that approximately 25 per cent of 
all punched card installations have cal¬ 
culating equipment capable of perform¬ 
ing the operations described herein. If 
it may be assumed that a majority of 
electrical engineers are with large manu¬ 
facturers, then the percentage of those 
electrical engineers who have access to 
punched-card calculators might well be 
50 per cent or more. The principles of 
operation are not difficult to master, and 
in not more than 10 days concentrated 
study one should become reasonably com¬ 
petent with the machines. 

The digital approach to design is a 
“natural” because most variables asso¬ 
ciated with machine synthesis are dis¬ 
crete. Table I shows some of the in¬ 
dependent variables present in the design 
of a synchronous machine. An absolutely 
discrete variable is one which changes 
only in definite steps as opposed to con¬ 
tinuously variable function. For exam¬ 
ple, the thickness of steel is graduated by 
gauge numbers, and this represents a 
fixed change in thickness for each change 
in gauge. The number of circuits is 
another instance; the circuits may be 
1, 2, 3, 4, etc., as opposed to 3.28 or any 
other in-between number. Some varia¬ 
bles are discrete only under certain cir¬ 
cumstances. The slot width, length, and 

* Private communication to the author from J. W. 
LaForte, Manager, Market Analysis Department, 
International Business Machines (IBM) Corpora¬ 
tion. 
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digital computer the author is referring to 
red card or more rapid machines; the desk 
lator is not considered in this paper. 
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Table I. Variables in Synchronous Machine Design 


Absolutely Discrete 


Discrete Under 
Certain Circumstances 


Continuously Variable 


Grade of steel.Outside diameter. 

Thickness of steel.Slot width.. 

Number of ducts.Slot length. 

Size of ducts.Slot shape. 

Total slots.Pole shape 

Number of circuits 
Pitch of coil 
Conductor size 
Conductor material 
Number of conductors 


. Gap diameter 
.Axial length 
. Slot position 
. Air gap 


Table II. Independent Variables 


Identity 

Number 

Cage Description 

Bar Material End-Ring Material 

Xim 

Rrm 

Kp 

01. 




.1.19. 

.0.984 

02 



.3.50. 

.5.11. 

.0.964 

03 





.0.964 

04. 



.3.50. 

.2.28. 

.0.964 

0f> 

Half copper 


.3.50..... 

.2.83. 

.0.964 

00. 



.3.50. 


.0.964 

07 



.3.50. 

.1.59. 

.0.964 

08. 



.3.50. 

.1.89. 

.0.964 

no 





.0.964 

10. 

Half copper 


.3.50. 

.4.12. 

.0.964 


Half aluminum 






shape may be continuously variable if 
the slot die has not yet been fabricated. 
In many instances, the designer must use 
existing slot dies and hence is restricted 
to certain discrete changes. The same 
may be said of the pole shape. The out¬ 
side diameter may be continuously varia¬ 
ble within certain limits, but it is more 
common to fix the outside diameter to the 
standard frame sizes that a given concern 
uses. The air-gap diameter, and the air- 
gap and the axial length are the only 
really continuous variables present. 
Hence, changes in design variables are 
made in steps and lend themselves to 
digital computation. 

General Procedure 

Having decided that a digital computa¬ 
tion is called for, the steps to be followed 
are as follows: 

1. Ascertain the factors to be varied and 
the limits over which they are to be varied. 

2. Establish relationships connecting the 
factors together, 

3. Decide upon figures of merit. 

4. Make a table of operations and run 
through a sample calculation by hand. 
(Normalization may be helpful.) 

6. Code the solution for the machine. 

6. Run the cards and print results. 

7. :*■ Interpret results. 

In long computations it is sometimes 
desirable to decide on intermediate figures 


of merit so as to cull out undesirable de¬ 
signs early in the computation. While 
this procedure saves time, there is the 
danger that a good design may be rejected 
by faulty figures of merit. 

The author has used punched card 
techniques for the solution of problems 
involving: 

1. Field distribution; 

2. Optimum design for a synchro; 

3. Optimum cage design for an induction 
motor. 

The field distribution problems were of 
two types: to find a winding configura¬ 
tion that would produce a given field dis¬ 
tribution, and to find the coefficients of a 
Fourier series representing the permeance 
of the air gap of a machine whose slot 
openings contributed sizable harmonics. 
The synchro design problem was one in 
which an optimum design was being 
searched for in terms of fixed large volume 
production. This was a large-scale prob¬ 
lem dining which the complete design was 
set up for punched-card analysis and 
37,000 possible designs were considered 
through use of the digital computer. 
The cage-design problem is one which is 
used as a classroom illustration of what 
can be done with digital techniques when 
applied to the classic circuit-analysis 
problem. The problem chosen in this 
paper is that of calculating the speed- 
torque curves for an induction motor as a 
function of cage material, bar size, and 


Table III. Operations and Sample Calcu¬ 
lations for Ascertaining Performance of 
1 /2-Horsepower Induction Motor 


.. ~' 


Sample 

Step 

Operation 

Calculation 

P 1 


0.970 

2].. . 

...(D a . 

0.941 

3.... 

... 1 — (2). 

0.059 

4 

,Kp* . 

0.928 

5 .... 

... [2 —(4)] R r m . 

1.27 

6.... 

... (3) + (5). 

1.33 

7.... 

... (3) X Xim, . 

0.206 

8.... 

...48.2+Xi m . 

60.0 

9.... 

■ • • Rrm/ (8) 2 . 

0.0238 

10.... 

...(2.00+TWX(9). 

0.0760 

11.... 

... (7) — (10). 

0.130 

12.... 

...(6)*+(ll)». 

1.78 

13.... 

... (3) xno. 

6.50 

14.... 

...110/(8). 

2.20 

15.... 

... (14) X Rrm . 

2.62 

16.... 

... (15) X (9). 

0.0624 

17.... 

...(13)-(16). 

6.44 

18.... 

. . .0.218X(6). 

0.290 

19.... 

...(17)+ (18). 

6.73 

20.... 

... (15) X2. 

5.24 

21.... 

.. ,(19)*+(20)*. 

72.8 

P 22.... 

...(21)/(12)-/,». 

41.0 

23.... 

...110Xii:,.X(3). 

6.25 

24.... 

...(15)XA'„. 

2.52 

25.... 

.. ,(23)*+(24)*. 

45.4 

20.... 

... (25)/(12). 

25.5 

27.... 

... (24)*X (1)*. 

6.00 

28.... 

... (27)/(12). 

3.35 

29.... 

.. .(110XA P )»Xi?m. 

..13,400 

30 

... (3) X (29). 

790 

31.... 

... (24) *X R rm . 

7.58 

32.... 

...(30)-(31). 

782 

33.... 

.. ,(22)X1.0. 

41.0 

34.... 

... (26) X R rm . 

30.4 

35.... 

... (28) X Rrm . 

4.00 

36... 

.. ,(32)X(2)/(12). 

. . 413 

P 37.... 

...(33) +(34) +(35) + 



(36)+21.0. 

512 

P 38.... 

,..(36)-24.0-17.0. 

.. 372 

39.... 

...(DX1800. 

.. 1,740 

P 40.... 

. ..112.6 X(38)/(39). 

24.0 

41 ... 

... (38)/(37). 

0.726 

P 42.... 

... (37)*/110*X(22). 

0.528 

P 43.... 

. ,.(41)*X(42). 

0.279 

P 44.... 

. ...(38)/0.5X0.740. 

0.097 

Step 1. 

Per-unit speed 


Step 22. 

(Input current)* 


Step 37. 

Power input 


Step 38. 

Power output 


Step 41. 

Torque 


Step 42. 

(Power factor)* 


Step 43. 

(Apparent efficiency)* 


Step 44. 

Per-unit load 


bar spacing. It appears in 

a textbook, 

Kuhlmann 3 ; thus being readily available 

to all who wish to try their hand at a digi- 


tal-computer problem. The complete 
treatment of the problem is contained in 
the Appendix. 


Conclusions 

The author does not consider himself 
an expert in digital computing techniques 
and feels sure that the procedures he has 
used may be improved upon by people 
better informed on digital computers than 
he. However, he is convinced that the 
digital computer in the hands of an or¬ 
dinary design engineer is a powerful tool 
in performing calculations whose magni¬ 
tude makes them otherwise impractical. 

The author also feels that these new 
computing tools are going to assist raa- 
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teriaUy in making our machines more 
economical to build and in making them 
perform better for the same weight and 
cost. These are ever the goals of design 
engineers: digital computers will make 
the achievement of the objective more 
rapid. 

Appendix 

In the following are the steps needed to 
solve an optimum cage design . problem 
for a 1/2-horsepower single-phase induction 
motor. This particular problem is used for 
r-u** demonstration purposes for illustrating 
digital-computer techniques. As it stands, 
the magnitude of the problem is not worth 
while setting up on a punched-card calcu¬ 
lator; it could be solved in less time by other 
techniques. It should be pointed out, how¬ 
ever, that once the solution is coded and 
the plug boards set up, they may be left 
that way and used over and over again. 
Thus, by tying up one or two boards con¬ 
tinuously, one may always have at his dis¬ 
posal rapid methods of finding performance 
characteristics of any motor he may design 
in the future. The value of such a tech¬ 
nique is not to be overlooked, for the board 
represents a small investment and the ma¬ 
chine may be used for other purposes while 
the motor-calculation boards are idle. This 
is in direct contrast to the construction of a 


special computer that may be used for this 
one purpose only. 

As was mentioned the motor chosen for 
this example is one whose whole design is 
available. 8 The problem whose solution is 
illustrated here might be to find which of 
the several cages proposed in Table II will 
yield the maximum torque at any speed, 
that cage which will yield maximum speed at 
rated torque, or to generate data for perform¬ 
ance curves. In Kuhlmann, 3 . the method 
of performance calculation is given in tabu¬ 
lar form; several parameters which do not 
vary with speed are given at the top of the 
table and then computations involving these 
parameters with the chosen speed are given 
at the lower portion of the page. By re¬ 
arranging the table somewhat so that the 
parameters at the top of the page could be 
included in the table, the number of input 
quantities can be reduced to three independ¬ 
ent variables. Table II shows the inde¬ 
pendent variables, Xm, Rtm> and K p , which 
are constant for all speeds, but change with 
bar size or composition. These are entered, 
together with a code or identity number, 
on cards. Then the speeds are chosen at 
which the computations are to be made. 
The next step is to prepare the operation and 
sample-calculation sequence, Table III. 

In Table III, the same sample calculation 
is made as Kuhlmann 3 makes, with the ex¬ 
ception of the input current, the power fac¬ 
tor, and the apparent efficiency. These 
changes are necessitated by the difficulty in 
extracting square roots by the calculator. 


Thus the quantities mentioned are left m 
squared form. These may be extracted 
rapidly by slide rule or left in this form, as 
the engineer wishes. Quantities which are 
to be punched are marked with a P to tne 
left. Thus, the quantities punched are: 

1. Per-unit speed, step 1. . 

2. (Input current), 2 step 22. 

' 3. Power input, step 37. 

4. Power output, step 38. 

5. Torque, step 41. 

6. (Power factor), 2 step 42. 

7. (Apparent efficiency), 2 step 43. 

8. Per-unit load, step 44. 

After the cards are run, and the results 
punched and printed at the top of the card, 
they may be sorted for maxima or minima, 
or otherwise shuffled for various consider¬ 
ations. Data may be read directly from the 
card, or they may be printed on summary 
sheets. 
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Discussion 


Robert L. Fillmore (University of Minne¬ 
sota, Minneapolis, Minn.): Strengthening 
the point made by the author that digital 
computers are a great aid in everyday de¬ 
sign problems, a digital computer was used 
recently to aid in determining the equiva¬ 
lent circuit for the drag-cup induction mo¬ 
tor, utilizing test data from three experimen¬ 
tal motors each having four or five rotors. 
By selecting a range of likely values for each 
parameter of the equivalent circuit, and 
using three or four particular values to cover 
this range, a family of 2,800 circuits was 
calculated for each stator and rotor combi¬ 
nation. The best equivalent circuit for 
each motor was determined by the computer 
by comparing the results of the calculation 
with the test results. The machine then 
tabulated the calculations in order with the 
best comparison at the top of the list. 

From this information it was possible to 
determine formulas to give the correct pa¬ 
rameter for each motor and to set up as de¬ 
sign procedure to calculate performance of 
drag-cup motors. This problem could not 
be solved in a reasonable time without digi¬ 
tal computers. The fact that a computer 
can compare results and make decisions on 
the basis of some figure of merit is not 
brought out clearly in the paper, but is, 
nevertheless, an added advantage in using 
the digital computer. 


C. G. Veinott (Reliance Electric and Engi¬ 
neering Company, Cleveland, Ohio). Pro¬ 
fessor Saunders makes reference to a paper 


I presented 2 years ago. 1 This computer 
was designed for a specific purpose to which 
it was well suited and for which it is still 
being used. Since then, I have gained some 
actual experience with digital calculators, 
enough to make some comparisons. The 
calculator I have been using is an IBM 
Card-Programmed Calculator (CPC). . A 
comparison properly begins by comparing 
the relative areas of usefulness of a network- 
type computer with a digital calculator. 

First, the network calculator can be used 
only for those problems that can be reduced 
to an equivalent electrical network. In 
motor design, this means evaluation of the 
performance from the lumped-circuit con¬ 
stants, but does not include calculation of 
the constants themselves from the geometry 
of the machine. Single-phase motors. re¬ 
quire a great deal of this type of calculation, 
particularly permanent split capacitor mo¬ 
tors. Hence, the assistance a network cal¬ 
culator can afford in single-phase motor de¬ 
sign is important. In polyphase motor 
design, comparatively little use is made of 
the constants—much more work is involved 
in computing the constants. For such a 
case, the network computer is of relatively 
less use, because the relative area of its use¬ 
fulness is necessarily limited. A network 
computer can be most helpful in design of 
double-cage polyphase motors. 

Digital computers have a virtually un¬ 
limited area of usefulness, for they can do all 
that the network calculator can plus a great 
deal more. In the design of d-c motors, for 
example, most of the calculations are of a 
nature that cannot be performed on a net¬ 
work computer, which is therefore worthless 
for such an application. I had a polyphase 


motor design procedure programmed on a 
CPC and a number of calculations made. 
The input data was the geometry of the 
punching and the winding specification. 
The machine computed such data as. 

1. Copper weight. 

2. Resistances, stator and rotor. 

3. Total flux. 

4. Areas and densities of the various 
portions of the magnetic circuits. 

5. Exciting current. 

6. Reactances. 

7. Deep-bar effects. 

8. Locked-rotor current and torque. 

9. Breakdown torque. 

10. Full-load efficiency and power fac¬ 
tor. 

11. Current density. 

and many other factors of importance in 
evaluating the worth of the design. 

From the educational point^of view, the 
network calculator is probably’more useful, 
because the engineer can set up the network 
directly and can see better what is happen¬ 
ing; it is possible to juggle one constant at a 
time and instantly watch the effect. 

Cost is a most important consideration. 
The IBM CPC rents for approximately 
30,000 dollars per year. MONECA, even 
including development costs, for it was the 
first of its kind built, costs only a fraction 
of the annual rental charge of the CPC. 
Operating and maintenance costs of 
MONECA have been negligible in the first 
2 years of operation. Consequently, an 
idle MONECA does not cause the concern 
to a budget-conscious manager that an idle 
CPC would. In cost comparisons, other 
types of computers need to be considered. 
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From his remarks concerning the avail¬ 
ability of computers such as he was using, 
I would infer that probably Professor Saun¬ 
ders was not using a CPC, but an IBM 
602A or 604. The latter two machines are 
quite generally available in punched-card 
installations, because they serve the needs 
of most accounting departments and are less 
costly. The CPC is not so generally avail¬ 
able. Until recently, digital computers of 
the type needed cost from 250,000 to 
500,000 dollars or more. Recently some 
magnetic-drum digital computers have been 
developed which sell outright in the 50,000- 
to 100,000-dollar range. Some of these ap¬ 
pear to have important advantages over the 
CPC for machine design work of the nature 
I have been discussing. 

For a problem even so simple as straight 
polyphase induction-motor design, we found 
602 and 604 machines unsuitable. At¬ 
tempts were made to program the calcula¬ 
tion schedule, but too many board changes 
were required to make the use of these 
lower-cost machines suitable for our pur¬ 
pose. The CPC did the job very satis¬ 
factorily. 

My own conclusions to date are that the 
possibilities of the giant-brain type of digital 
computer for machine design have not been 


scratched yet; that the need for them will 
grow with time. Principal difficulties in 
the way of their greater use now are: 

1. High cost of an installation. 

2. Excessive size of the necessary appa¬ 
ratus. 

3. Human inertia to a change. 

These computers could relieve the design 
engineer of an enormous amount of pick- 
and-shovel calculations that he now makes, 
or skips and guesses the result. Transistors 
may hold the key to smaller physical size; 
the costs may come down later. 

Reference 

1. See references 1 and 2 of the paper. 

R. M. Saunders: Mr. Fillmore adds an¬ 
other area where the punched-card digital 
computer has contributed greatly to the 
ease in solving an otherwise difficult prob¬ 
lem. The one he has dealt with is a vex- 
some problem which designers of servo 
equipment face daily. By finding the true 
equivalent circuit from test data, he may 
modify design equations to yield equivalent 
circuits close to those from test procedures. 
Although this problem is more of a research 


than design nature, it is of interest since it 
does illustrate the great assistance a digital 
computer can be to those working in the 
rotating-machinery field. 

Mr. Fillmore also points out the impor¬ 
tance of choosing a figure of merit to which 
the computer can compare any solution it 
makes. As he says, this choice is a very im¬ 
portant one and one which will assist greatly 
in arriving at the best solution. 

Mr. Veinott mentions the difficulty in 
justifying the cost of punched card oper¬ 
ations at the CPC level. While the CPC 
does rent for approximately 30,000 dollars 
per year, it will solve the same problem as a 
smaller installation in much less time. 
Thus, on an hourly charge basis, the CPC 
might well be the least expensive. It 
should also be added that one does not in¬ 
stall a CPC without having sufficient work 
to keep its load factor high. If the load 
factor is high, then it will undoubtedly be 
solving problems in other areas as well as 
motor-design problems. A special com¬ 
puter, either digital or analogue, is idle when 
not solving the specific problem for which it 
was designed. Hence, I feel that Mr. 
Veinott’s cost analysis is not entirely fair. 
His point is well taken, however; the justi¬ 
fication must lie in the economic realm. 
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Calculation of Life Characteristics 
of Insulation 
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MEMBER AIEE 

Synopsis: Based on chemical reaction rate 
theory and an extension of the application 
of the Arrhenius equation, a method is pre¬ 
sented for calculating insulation degradation 
curves. Using the initial dielectric strength 
(DS) and time-temperature insulation char¬ 
acteristic to deteriorate to some given per¬ 
centage level, curves showing the relation¬ 
ship between DS and insulation aging at a 
constant temperature may be computed. 
Also degradation curves to other given per¬ 
centage levels of initial DS may be derived. 
Thus data may be converted into forms more 
valuable to the design engineer. 


Criterion of Insulation Life 

V ARIOUS criteria of insulation life 
have been proposed, each having its 
special advantages and application. In 
liquid-filled apparatus mechanical cri¬ 
teria of insulation, such as tensile strength, 
folding, tearing, etc. have been success¬ 
fully used. A DS test on liquid-filled 
apparatus is not a good criterion since 
the liquid impregnant will replace the 
degraded solid portions and maintain the 
DS if undisturbed by mechanical shocks 
such as short-circuit forces. Dry-type 
insulations, on the other hand, may 
maintain their mechanical strength when 
the impregnant, and often the complete 
structure, has lost a major portion of its 
DS. 

The DS of dry-type insulation how¬ 
ever, may be successfully used on many 
composite insulations as a measure of deg¬ 
radation and hence of insulation life. 
The insulation life data used in this paper 
are based on the time required for the hot 
DS of the insulation to decrease to some 
percentage of its hot initial value. Data 
for both 50 per cent and 66 per cent of the 
hot initial value are shown. 

Test Sample 

Ins ulating materials investigated are 
1-mil polyethylene terephthalate (Mylar) 
and 15-mil asbestos, silicone-impregnated. 

The insulating material being investi¬ 
gated is wound on a 2-inch-diameter steel 
mandrel having an internal electric heat¬ 
ing element. Test electrodes are applied 
over the ins ula tion. Thermocouples on 
the mandrel and on the electrodes are 
used to check continuously the aging 


PAUL DOIGAN 

AFFILIATE AIEE 

temperature at each test area. Sixty- 
cycle dielectric tests in air are made be¬ 
tween the electrodes and the mandrel at 
regular time intervals at 50 per cent or 
66 per cent (depending on criterion being 
used) of the initial hot DS strength. All 
tests are made at the hot temperature. 
The arrangement of the test sample is 
schematically shown in Fig. 1. Further 
details of this sample and temperature 
determination are given in a previous 
technical article. 1 

Theoretical Basis and Equation 
Derivation 

Insulation aging data are frequently 
presented by plotting the reciprocal of the 
absolute aging temperature as abscissa 
and the logarithm of the aging time to 
failure as ordinate. This gives concise 
and useful information but often the de¬ 
sign engineer requires this information in 
other forms, for example, aging at a 
constant temperature or perhaps at a 
different level of degradation. To show 
that data can be logically and correctly 
converted to other forms, some theoret¬ 
ical considerations and derivations are 
necessary. 

A quantitative equation relating the 
influence of temperature and a specific 
reaction chemical rate is given by the 
Arrhenius equation 2 

k=Ae- B '* T ( 1 ) 

where 

k =specific reaction rate 
E (the activation energy)=constant for a 
particular reaction 
R =universal gas constant 
T=absolute temperature and 
A = frequency factor of molecular encounter. 

Following the reasoning of Dakin, 3 if 
we can assume that the physical property 
which we are measuring, namely the DS, 
is a function of time and that it is pro¬ 
portional to a constituent that is a meas- 
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ure of insulation deterioration in a man¬ 
ner anal ogous to the concentration of a 
reacting substance and the chemical reac¬ 
tion rate 

-f-fa* (2) 

dt 

then we have a basis for discussion. 

For a first-order chemical reaction, 
n—1, and integration of equation 2 gives 
the following 

log* c = — & 4-constant (3) 

It is not known how many insulation 
deterioration processes follow simple first- 
order reaction mechanisms, but never¬ 
theless a function of concentration can be 
found to satisfy the integration of the 
general reaction rate equation. 

J(DS) = —&+constant (4) 

If the insulation deterioration meas¬ 
ured by the DS follows a first-order reac¬ 
tion, then f(DS) = log* DS and a plot of 
log* DS versus time will give a straight 
line. 

log* DS = — &-1-constant (5) 

Once the slope of such a plot is estab¬ 
lished it is a relatively simple matter to 
extrapolate constant-temperature short- 
time test data to longer periods of time. 

From equation 1, one can see that the 
specific reaction rate k is temperature- 
dependent and thus our measured physi¬ 
cal property is shown to be temperature- 
dependent by equating equations 1 and 5. 
Then 

log, DS**-Au~ E/RT +C (6) 

Taking the logarithm of equation 6 we 
have 

rC-log*DSl , /E\ 1 
lor. <= iog .[—j -J+U) T <7) 

As previously stated, we have selected 
50 per cent of the initial hot DS as a 
reasonable criterion of life. Then log* (50- 
per-cent DS) will be a constant for any 
given temperature and the time to reach 
this breakdown value will be the measure 
of insulation life. A plot of the logarithm 
of the time to reach a specified percentage 
of DS value versus the reciprocal of the 
absolute temperature will generally be a 
straight line. From such a plot, rela¬ 
tively short-time high-temperature data 
can be extrapolated to long-time operat¬ 
ing temperature limits. 

It must be recognized that the data 
will plot as a straight line only if a single 
reaction is occurring or if several reac¬ 
tions are occurring simultaneously with 
similar temperature coefficients. This 
situation evidently exists for Mylar film 
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THERMOCOUPLE POSITION 



Fig. 1 (above). Test sample and typical temperature 
gradients 


Fig. S (right). Tested life characteristics of polyethylene 
terephthalate film in air, 50-per-cent DS criterion 



and silicone-treated asbestos since our 
data conform to this straight-line rela¬ 
tionship. 

Subsequent discussions depend on data 
obtained from the plot of the reciprocal 
of the absolute temperature versus the 
logarithm of time to breakdown (1/K 
versus log w /). Thus, it is extremely im¬ 
portant that the straight-line graph from 
these data be the best obtainable. Any 
errors made in placing this curve will be 
magnified in subsequent operations. We 
have drawn the best obtainable curve by 
use of the method of least squares in 
which we calculate both the intercept 
and slope, using all of the plotted data. 

The general form of the equation for a 
straight line is y = a+bx, or in terms of our 
data 


logio /=<&+& — (8) 

The constants a and b represent the 
intercept and slope of the straight line 
respectively. 

By the method of least squares, 4 the 
equations for the calculation of the inter¬ 
cept and slope are 

2y2x 2 — "LxySx , , 

--- ( 0 } 

» 2 * 2 -( 2#) 2 V ' 

_ 'Sy'Zx—nSxy , 

~ (2tx)*-ii2x* ^ 

In using this form we have assumed 
that the x values (temperature) are free 


INSULATION TEMPERATURE °C 
(RECIPROCAL DEGREES KELVIN SCALE) 


from error and the calculations made to 
minimize the deviations of y, log time. 4 
As in most cases, interchange of co-ordi¬ 
nates will give another straight line. 
With interchange of co-ordinates equa¬ 
tion 8 becomes 


Equating equations 9 and 9(A) (using 
average value of a as calculated in Ap¬ 
pendix I) will allow the solving for A 


logic t -— ^ ' 

0 

These calculations are shown in Ap¬ 
pendix I and Table I, and curves as shown 
in Fig. 2 are the result. 

Application of Equations to 
Polyethylene Terephthalate 
Insulation 

The integration constant in equation 6 
can be evaluated by substituting values 
of log* DS at time t =0. For the material 
under consideration, polyethylene tere¬ 
phthalate (Mylar) film, the average initial 
DS is 3,300 volts per mil at room tem¬ 
perature. Log* 3,300 (and consequently 
the integration constant) is equal to 8.10. 

To determine the values of A and E/R 
for use in equation 6 it should be noted 
that equation 7 is in the same form as 
equation 8, hence 


Table I. Polyethylene Terephthalate Film 
Life Test Data 


a = logio 


|~ C-log*Z?5 j 


Degrees 

Centigrade 

Hours “ t 

127. 

129. 

.i ana 

135. 

.6 non 

138. 

.a 4io 

138 . 

139 . 

. a sol 

142. 

. 2 472 

145. 

. .5.350 

147. 

.1 300 

150. 

. « - 27a 

152. 

. i'ann 

155. aaon 

155. 

. i\ann 

150. 

. i '372 

158. a’ 479 

159. 

. ’ B37 

106. 

. 

167. 

. ftSfl 

171. 

.. fia7 

172. 

. B37 

173. 

.. fl37 

175... 

.. 

183.. 


180.. 

.. .. t 

. l Oft 

194... Ug 

194. 153 

198.. 199 

198. 
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Table II. Silicone-Asbestos Life Test Data 


Degrees „ 

Centigrade Hours-/ 


230.. 

244.. 

252.. 

256.. 

254.. 

245.. 

220 .. 

260.. 

270.. 
280. 
285. 
280. 
260. 
252. 
310. 
330. 
346. 
352. 
362. 
346. 
328. 
377. 
388. 
305. 
308. 
300. 
375. 
350. 
300. 
315. 
325. 
328. 
320. 
312. 
302. 
355. 
375. 
302. 
307, 
380, 
365 
345 


2,675 
050 
3,575 
,3,100 
,2,675 
.4,425 
.4,425 
.3,675 
.1,050 
. 700 
. 700 
. 700 

.2,400 
.2,700 
. 275 

. 275 

. 275 
. 275 

. 275 

. 175 

. 420 


3 

3 

3 

3 

3 
15 

186 

62 

27 

27 

27 

86 

138 

27 

4 
4 
4 
4 

. 4 
86 


giving a value of 3.47 X10 10 . Note that 
the term C- log* DS is equal to the 
natural logarithm of the ratio of initial 
DS (100 per cent) to per-cent criterion 
of DS used. Thus for 50-per-cent DS 
criterion this term will be log* 2=0.693. 
Similarly, equating equations 10 and 
10(A) (using average value of 6 as calcu¬ 
lated in Appendix I) will determine E/R 
which for this case is 1.37=10 4 . 

Equation 6 then becomes for poly¬ 
ethylene terephthalate 

1.37 xio* 

log* DS— —3.47X10 10 U T +8.10 

(ID 

This equation should now represent a 
family of curves which shows the rela¬ 
tionship between DS and aging at a con¬ 
stant temperature for an insulation ma¬ 
terial whose electric insulation deteriora¬ 
tion follows a first-order rate reaction 
and whose life characteristics are like 
those for polyethylene terephthalate 
(Mylar) film. 

Using equation 11, the curves for DS 
versus time can be plotted for any operat¬ 
ing temperature. This has been done for 
three temperatures, 95, 110, and 130 
degrees centigrade (C) and is shown 
plotted in Fig. 3. The initial hot DS for 
these values of temperature is essentially 
constant. 


It is possible to ascertain the life 
characteristics of the insulation at any 
percentage of the initial DS. If the 50- 
per-cent criterion is not the best one to 
use, then the data may be interpreted in 
terms of a 25-per-cent or 75-per-cent 
criterion or any other percentage desira¬ 
ble. To illustrate this, the dotted curves 
in Fig. 4 were computed from equation 13 
and plotted. It is interesting to point 
out that the true value of the initial DS 
is not important in calculating, these 
curves (but necessary to obtain Fig. 3) 
since equation 11 contains an integration 
constant which is the logarithm of the 
initial DS. Therefore, there will always 
be a ratio term equal to the ratio of the 
percentage criteria (the difference of two 
logarithms is the ratio of the numbers). 

The equation giving the relation be¬ 
tween per-cent DS, temperature, and 
hours to breakdown may be derived from 
equation 7 which becomes 

1°*•'“ [*°®* (per-cent Ds)^ — 

log* 4+—; (12) 


For polyethylene terephthate, this be¬ 
comes 

log, t- log,[log,( per J~ 5i )]- 

13700 , , 

24.270+—— (13) 


Verification of the correctness of this 
analysis and the conversion of data are 
given by an experimental check made on 
polyethylene terephthalate (Mylar) in¬ 
sulation using a 66-per-cent criterion. 
The test points shown in Fig. 4 are for 
66-per-cent criterion, and these rather 


limited data show good agreement with 
the computed 66.6-per-cent curve. 

Application of Equations to Silicone 
Asbestos Insulation 

A similar analysis of data for silicone 
impregnated asbestos insulation is given 
in Appendix II. Original data are shown 
plotted in Fig. 5 with the best-fitting 
curve. 

From the initial DS of 160 volts per 
mil for the silicone asbestos at room tem¬ 
perature, the integration constant for 
this material is 5.07 (log* 160). 

From equations 9(A) and 10(A) (using 
average values of a and b as calculated in 
Appendix II) the values of E/R.** 1.687X 
10 4 and 4 = 1.64 X10 10 are determined. 
Equation 6 then becomes for silicone 
asbestos 

-1.687X10* 

log* DS = -1.64 X10 10 U T +507^ 

This equation should now represent a 
family of curves which shows the relation¬ 
ship between DS and aging at a constant 
temperature for an insulation material 
whose electrical insulation deterioration 
follows a first-order rate reaction and 
whose life characteristics are like those of 
silicone asbestos insulation. 

Using equation 14 the curves for DS 
versus time can be plotted for any operat¬ 
ing temperature. This has been done for 
four temperatures, 180, 200, 225, and 250 
centigrade and is shown in Fig. 6. The 
initial hot dielectric strength for these 
values of temperature is approximately 
constant. 

The equation giving the relation be¬ 
tween per-cent DS, temperature, and 
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Fig. 4. Calculated and tested life characteristics of poly* 
ethylene terephthalate film in air at various DS criteria 
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hours to breakdown for the insulation by 
inserting the proper constants in equa¬ 
tion 12 becomes 


log € t - log,I"log/- 

L \per-cent DS/ J 

23.520+^5 (IS) 

Fig. 7 shows the relation for different 
DS criteria, the full line being based on 
test data and the dotted lines computed 
from equation 15. 

Limitations of This Method 

It must be borne in mind that the fore¬ 
going is based on assumptions that may or 
may not be valid for all insulating ma¬ 
terials. For example, there was no ther¬ 
mal cyding which might affect the general 
level of the results. But, if a plot of the 
reciprocal absolute temperature versus 
the logarithm of time to breakdown at 
some percentage criterion is a straight 
line (and the best straight line is calcu¬ 
lated) then the assumptions made in this 
discussion are, for the most part, valid. 
The theoretical curves derived from the 
calculations will be useful aids to design 
engineers in selecting insulating materials. 

In selecting a criterion of useful life, 
one should consider more than just the 


theoretical aspects. Selecting a 90-per¬ 
cent criterion will give us the desired 
data in less time than it would when we 
use a 50-per-cent criterion but the ac¬ 
curacy of the data may not be as good. 
Percentagewise errors will be magnified. 
On the other hand, data obtained using a 
10-per-cent criterion may be more ac¬ 
curate but also would require a much 
longer testing period. There will be a 


Fig. 5. Tested life characteristics of silicone- 
impregnated asbestos insulation in air, 50- 
per-cent DS criterion 

lower limit to the per-cent DS criteria 
that can be used if volts per mil of the 
selected breakdown criteria become les9 
than the electrical strength of the air film 
of thickness equal to thickness of insula¬ 
tion under test. In this case no break¬ 
downs would occur regardless of time 
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Fig. 6. Calculated degradation of silicone-impregnated asbestos in air at constant 

50-per-cent DS criterion 

1.687 XIO 4 

loge DS = — 1 . 64 X 10 1# te T +5>07 


Whitman, Doigan-Calculation of Life Characteristics of Insulation 


temperatures. 


July 1954 


































HOURS TO BREAKDOWN 



500 460 420 360 340 300 260 260 240 220 

INSULATION TEMPERATURE*C 
(RECIPROCAL DEGREES KELVIN SCALE) 

Fig. 7. Calculated and tested life character¬ 
istics of silicone-impregnated asbestos in air 
at various DS criteria 
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since air would flow into the regions of 
deteriorated insulation and maintain this 
inintmirm strength. The choice of the 
criterion must be made with these fac¬ 
tors in mind in addition to the properties 
of the specific insulation. 

Conclusions 

1. A method is available for converting 
time-temperature insulation characteristic 
curves to insulation aging characteristics at a 
constant temperature. 

2. Insulation aging curves at one level of 
degradation may be extended to other levels 
if a first-order reaction exists. 

3. Extended aging data on polyethylene 
terephthalate (Mylar) and silicone asbestos 
c onfir m more limited data previously pub¬ 
lished.* 

4. Limi ted tests on polyethylene tere¬ 
phthalate (Mylar) at a different percentage 
criterion confirm the correctness of this 
method for this type of material. 

Appendix I. Analysis of Data 
for Polyethylene Terephthalate 


y ss logio t, and substituting in equation 8 we 
obtain 


logio t — -8.83-1—— 

When the calculations are made inter¬ 
changing the x and y co-ordinates in 9 and 
10 and substituting in equation 8(A) this 
becomes 

6757 

logio 12.57H—— 

which gives approximately the same straight 
line. We have taken the average of these 
two curves as the best straight line for the 
data as shown in Fig. 2, and the equation 
becomes 

„ , 5948 

logio / = —10.70+ y. 


Appendix II. Analysis of Data 
for Silicone Asbestos Insulation 


Computing the values of a and b from 
equations 9 and 10 noting that x — l/C+273 
and y= logio t and substituting in equation 8 
we obtain 

6,660 

logio /«=—9.24H —— 

When the calculations are made inter¬ 
changing the x and y co-ordinates in equa¬ 
tions 9 and 10 and substituting in equation 
8(A) this becomes 

, 8,000 

logio t — — 11.52H—;p— 

which gives approximately the same straight 
line. We have taken the average of these 
curves as the best straight lme for the data 
as shown in Fig. 5, and the equation becomes 

_ , 7,330 

logio/= —10.38-1 —~ 


100,000 
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Discussion 
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X. W. Dakin (Westinghouse Research Labo- 
Computing values of o and h from equa- ratorfcs, East Pittsburgh. Pa.): TOeJfc 
lions 9 and 10. noting that *=l/C+273 and test data on silicone impregnated asbestos 


280 240 220 

Temperature, °C 

Fig. 8. Life tests on Mylar film 


and Mylar insulation are interesting, as is 
the scheme for calculating the dielectric 
strength time relation for any given tem¬ 
perature from data on the variation of the 
time to reach a certain fraction of the initial 
dielectric strength as a function of tempera¬ 
ture. I feel that we must be careful in 
using arbitrary fractional amounts of the 

initial DS as criteria of insulation life. Such 

life values can only apply to situations where 
it is the function of the insulation to have 
such DS levels. Where the insulation needs 
to have only much less DS or perhaps only 
serves as a spacer, such life data, using a 50- 
per-cent DS end point are apt to be unreal¬ 
istic and pessimistic. 

It is interesting to note the correlation of 
the authors’ life data on polyethylene tere¬ 
phthalate (Mylar), to a 50-per-cent DS end 
point, with data obtained at the Westing- 
house Research Laboratories using a quite 
different test. In this test the Mylar film 
was aged to an end point in a mechanical 
test. Failure was considered to occur at 
the time the film cracked when a strip of 
it was bent back on itself at 180 degrees. 
This is an even more arbitrary end point 
than the 50-per-cent DS criterion. I am 
not prepared to justify it. 

A comparison of the results on the two 
tests is shown in Fig. 8. 

With regard to the calculation scheme in 
the authors’ paper where they derive a curve 
of dielectric strength as a function of time, 
it should be thoroughly understood that the 
basis for this curve lies in the assumption of 
a first-order reaction rate dependence of 
DS on time. The authors do not seem to 
have justified this. It should be established 
by experimental data at least at one tem¬ 
perature, i.e., by a plot of the logarithm of 
the DS versus time, which should prove to 
be linear. 

As much faith as I have in this chemical 
rate analogy for insulation aging, I feel that 
we can assume more than is justified out of 
the mathematics in some cases. Insulation 
deterioration is frequently such a compli¬ 
cated process that the simpler rules will not 
apply. The validity of their application 
should be tried in each new situation. 
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L. C. Whitman and Paul Doigan: Dr. Dakin 
is correct in his contention that for strict 
functional evaluation a criterion of insula¬ 
tion aging other than dielectric strength may 
be proper. For example, Mr. Moses 1 has 
classified three distinct uses of insulation, 
namely a dielectric barrier, physical sepa¬ 
ration, and physical support. However, as 
a measure of rate of deterioration the DS 
criterion may still be valid in all three cases. 
These data then need only conversion to the 
proper scale of time and end point to be of 
value as a measure of the aging of significant 
properties in these other cases. The corre¬ 
lation of Dr. Dakin’s mechanical aging data 
on Mylar with the dielectric strength cri¬ 
terion data strongly bears this out. The 
coincidence of end points is, of course, for¬ 
tuitous but the rate of deterioration is evi¬ 


dently correctly measured by either method. 

The use of the 60-per-cent dielectric 
strength criterion has been generally ac¬ 
cepted for use on dielectric barrier material. 
For other situations some other per-cent 
criterion may be justifiable. One aim of 
this article was to permit the calculation of 
other percentage criteria from data experi¬ 
mentally obtained using a 50-per-cent cri¬ 
terion. 

The assumption of a first-order reaction 
rate dependence of DS as a function of time 
is basic to the methods of calculations made 
in the article. This may not always be true 
and should be checked when this method is 
used. 

For asbestos impregnated with a silicone 
some data have been presented by Dr. 
Dakin and others. These data approximate 


a straight line if plotted using logarithm of 
breakdown voltage as a function of time at 
a constant temperature. 

The authors’ data on Mylar at a constant 
temperature is not yet of sufficient time 
duration completely to justify a linear rela¬ 
tionship. However,, in this case the appli¬ 
cation of the theory developed gave a good 
check on test points made at a different 
per-cent voltage criterion as was shown in 
the article. This indicates that the straight- 
line relationship between logarithm of 
dielectric strength and time is also true for 
Mylar. 
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Rectifier Arc-Back Study on the 
Analogue Computer 


J. K. DILLARD 

MEMBER AIEE 

O NE OF the most difficult problems 
encountered in the application of 
power rectifiers is the calculation of arc- 
back currents. Arc back is the term 
which refers to conduction of current 
through the rectifier in the reverse direc¬ 
tion, i.e., from cathode to anode. It 
provides, simultaneously, a short circuit 
on the rectifier transformer low-voltage 
winding and paths for the flow of direct 
current from the d-c bus. Consequently, 
arc-back currents are nearly always higher 
than currents resulting from a 3-phase 
short circuit on the rectifier transformer. 
Knowledge of the magnitude of arc-back 
current is important because the resulting 
stresses may damage the rectifier or asso¬ 
ciated transformer and switchgear. 1 ” 8 
The magnitude of arc-back current be 

obtained from the curves presented in this 
paper without restoring to the use of 
complicated mathematics. In addition, 
the curves provide a way to evaluate 
readily the effect of a change in circuit 
constants, a consideration which is im¬ 
portant when reactors must be installed 
to limit stresses on the equipment. 

Improvements in rectifier design, princi¬ 
pally in design of tubes, have led to a 
continual decrease in arc-back rate of 
rectifiers over the years. The benefit 
of smaller numbers of arc backs has been 
offset, however, by higher arc-back cur¬ 
rents which result from the tendency to 
operate more and more rectifiers in paral¬ 
lel at higher voltages. On modem large 


C.J. BALDWIN, JR. 
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electrochemical potlines arc-back currents 
approach 100,000 amperes. These high 
currents emphasize the significance of arc- 
back calculations to designers of rectifier 
equipment. 

Analytical determination of arc-back 
currents from the differential equations 
describing rectifier operation is a long and 
complicated procedure because several 
different modes of operation take place 
as other tubes on the faulted winding of 
the transformer start and stop conduc¬ 
tion. For this reason, a great deal of 
attention has been given to the develop¬ 
ment of approximate methods for estimat¬ 
ing the magnitudes of fault currents. 4-8 
None of these approximate methods has 
proved wholly satisfactory, the results 
being much too conservative. There is a 
growing practice to temper these results 
by applying an arbitrary reduction fac¬ 
tor based on experience. This is not de¬ 
sirable, either, because of the lack of suffi¬ 
cient field data. Since it is no simple 
matter to make arc-back tests in the field, 
these data are not likely to be available 
for some time. 

This paper presents empirical curves 
showing the relationship between circuit 
constants and the first crest of arc-back 
current in the faulty anode and in the 
cathode circuit of a double-wye rectifier. 
Limiting action of the circuit breaker is 
neglected. The current at the first crest 
is of interest because it occurs about the 
same time that circuit-breaker action 


starts to limit the fault current. If the 
circuit breaker functions properly, the 
maximum value of fault current does not 
exceed the first crest value. The curves 
were plotted from the data obtained by 
setting the rectifier circuit up in miniature 
on the analogue computer. Miniature- 
system methods have been used for a long 
time to study power-system problems 
where analytical calculation is difficult or 
impractical. Apparently the convenience 
of miniature systems in rectifier studies 
has been overlooked until recently. How¬ 
ever, these techniques do have interesting 
possibilities which have been demon¬ 
strated in two studies of rectifier voltage 
regulation as well as in this paper. 7 - 8 

Circuit Behavior 


To provide a fundamentally sound basis 
for the general study of the arc-back prob¬ 
lem, several items of circuit behavior 
under arc-back conditions must be con¬ 
sidered. Included are current contri¬ 
butions from both a-c and d-c sources, 
drop in the d-c bus voltage, contribution 
from the unfaulted wye, and performance 
of the interphase transformer. The cir¬ 
cuit diagram for the common double-wve 
connection is shown in Fig. 1. For large 
capacity installations the high-voltage 
winding of the rectifier transformer is 
fed from a low-impedance 3-phase source 
of power. When an arc back occurs on 
one of the ignitrons, fault current is fed 
from the 3-phase source through the low 
system impedance in series with the trans- 
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Fig. 1. Six-phase delta double-wye connec¬ 
tion 


former impedance to the fault. This is 
not, however, the only component of 
fault current flowing as a result of the arc 
back. If the load on the rectifier d-c 
bus is rotating machinery, rotor inertia 
will cause continued generation of a 
counterelectromotive force for some time 
after the arc back occurs. This generated 
direct voltage will cause a current to flow 
through the machine impedances, and 
bus voltage will be maintained at a value 
equal to the generated voltage less the 
impedance drop. Even in installations 
with no rotating machinery, current can 
be fed from the d-c bus. If there are 
parallel rectifiers on the bus, the faulty 
rectifier will appear as additional load, 
and parallel units will tend to keep bus 
voltage up at the terminals of the faulty 
unit. 

The current contribution from the d-c 
bus depends upon the effective value of 
bus voltage during the arc back. This in 
turn is determined by either rotor inertia 
and internal drop of rotating machinery 
or regulation of parallel units on the bus. 
To predict the fault current accurately at 
first crest after occurrence of an arc 
back, the effective value of d-c bus volt¬ 
age during this period must be known. 
Field data have shown that the bus volt¬ 
age does not remain at 100 per cent of its 
normal value for as long as a half-cycle, 
but rather drops discemibly even with a 
number of parallel units. Fig. 2 shows 


Fig. 2. Artificial arc-back test on one unit of a 10,000-kva quadruple-wye 
rectifier at a large electrochemical installation 


are believed to be slightly low because of 
the laminated bus construction on which 
the measurements were taken. Bus volt¬ 
age at the terminals of the rectifier under 
test included the drop in the bus struc¬ 
ture from parallel units, each of which is 
connected to a different bus lamination. 
Since each lamination carried a different 
current, potline voltages measured be¬ 
tween different laminations of the bus 
would differ in magnitude. Based on 
these data a conservative assumption is 
that the d-c bus voltage drops at least 
10 per cent even with a large number of 


oscillograms taken at a large aluminum 
reduction plant during artificial arc-back 
tests on one unit of a 10,000-kva quad¬ 
ruple-wye rectifier. For the test illus¬ 
trated there were two quadruple-wye 
units on the bus, and the bus voltage at 
crest current was approximately 65-per¬ 
cent normal. Other tests with more units 
in parallel showed drops to about 75 or 80 
per cent of normal voltage. These figures 






Fig. 3. Laboratory arc-back test on a 4,110-kva double-wye rectifier 
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Fig. 4. Laboratory arc-back test on a 4,110-kva double-wye rectifier 


parallel units on the bus; the same as¬ 
sumption is not unreasonable for rotating 
machinery since there is a voltage drop 
caused by fault current flowing through 
the internal machine impedance. 

Another item of circuit behavior merit¬ 
ing consideration is the performance of 
the unfaulted wye group in the same 
double-wye with the faulty ignitron. 
Previously published oscillograms have 
shown very little current contribution 
from the unfaulted wye during the first 
half-cycle. 8 This is confirmed in Figs. 
3 and 4, which are oscillograms taken in 
the laboratory on a 4,110-kva rectifier. 
Compared to the currents in anodes 3 
and 5, those of anodes 2, 4, and 6 are 
insignificant. If the contribution from 
the unfaulted wye is very small, the wye 
group can be neglected in the mathemat¬ 
ical analysis, and the problem thereby 
greatly simplified. 


Interphase Transformer 

While the unfaulted wye can be neg¬ 
lected, that half of the interphase trans¬ 
former through which the fault current in 
the d-c path is flowing should not be 
neglected. There has been a great deal 
of speculation as to the performance of 
the interphase transformer during an arc 
back, especially concerning the imped¬ 
ance it presents to the fault current. 
Considering half of the interphase trans¬ 
former as some unknown inductance L t 
and resistance Ri in the d-c circuit, a dif¬ 
ferential equation can be written 

e ~ iRi+L ‘j, <»> 


Fig. 5 (left). Apparent 
inductance of half of the 
interphase transformer 
during laboratory arc- 
back test 


FIRST 

CURRENT 

CREST 

ll 


where e is the voltage across half of the 
interphase transformer and i is the cur¬ 
rent through it. Having the resistance 
and the voltage and current as functions 
of time, the equivalent inductance L t 
can be determined. This has been done 
graphically from the oscillograms of Figs. 
3 and 4, and the results plotted in Fig. 5. 
In what is believed to be typical perform¬ 
ance, the interphase transformer in this 
test saturated erratically in the first half¬ 
cycle, approaching saturation near the 
time of the first current crest. Calcu¬ 
lated inductance of half of this transformer 
fully saturated is about 10 microhenrys, 
while apparent inductance at the first cur¬ 
rent crest was about 35 microhenrys. 

The peculiar shape of the curve can be 
explained in terms of phenomena occur¬ 
ring in both the unfaulted and faulted 
wyes. The first discontinuity, at about 
56 degrees, occurs when the ignitron on 
phase 2 stops conduction of nonnal load 
current. At this time there is a rapid 
change of current, i.e., a high d$/dt, in 
the half of the interphase transform 
associated with the even group. Since 
the flux in the core is common to both 
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Nomenclature 


Current directions and impedance loca¬ 
tions are shown in Fig. 6. 

a=vector operator 1 / 120 ° 

E d —effective d-c bus voltage 
£ s = rated line-to-neutral voltage of the 
transformer low-voltage winding 
4 ac =current in tube 1 due to the alternating 
voltage only 

iai ~ positive-sequence current 
i a2 =negative-sequence current 
i a0 “ zero-sequence current 
4 =current in the d-c loop circuit 
4 .=current in the d-c loop circuit due to the 
direct voltage only 

4 =current in the d-c loop circuit at the 
beginning of interval 1 = negative of 
normal load current 

4 =current in the d-c loop circuit at the 
beginning of interval 2 
4 =current in the d-c loop circuit at the 
beginning of interval 3 
current in tube 1. The second subscript 
indicates initial currents at the begin¬ 
ning of the respective intervals 
t 3 =current in tube 3. The second sub¬ 
script indicates initial currents at the 
beginning of the respective intervals 
K= positive- and negative-sequence offset 
factor 

_Ko=zero-sequence offset factor 
La — inductance in the d-c circuit (the d-c 
loop and the effective inductance of 
half of the interphase transformer) 
la*total per phase inductance presented 
to the fault (anode leads, trans¬ 
former, high-voltage-side reactors, 
and a-c system) 

r =inductance on the high-voltage side of 
the transformer (high-voltage-side 
reactors and a-c system but not the 
transformer) 

L s =inductance on the low-voltage side 
(anode leads and transformer) 

L t « line-to-neutral commutating induct¬ 
ance of the transformer only 


L^+^+L d 

Lz — ~~~~\~L d 

<p — d / dt ' 

R a = equivalent resistance representing arc 
drop 

resistance in the d-c circuit (the d-c 
loop and half of the interphase trans¬ 
former) 

R c = total per phase resistance presented to 
the fault (arc-drop resistance R a and 
anode leads, transformer, reactors, 
and a-c system) 

R P = resistance on the high-voltage side of 
the transformer (high-voltage-side 
reactors and a-c system but not the 
transformer) 

j? g =resistance on the low-voltage side (arc- 
drop resistance R a , anode leads, and 
transformer) 

R t = line-to-neutral commutating resistance 
of the transformer only 

a-^+a, 

t = time 

/!=beginning of arc back as measured from 
time reference 
ti =beginning of interval 2 
tz =beginning of interval 3 
X—2trfL 

Z d =VRd*+X d * 

Ze-VRS+X? 

Z s =ViV+A, s 

Zt^VRS+Xy* 

a + -yXe 

8— tan 1 —- 
Re 

_.X, 

8 d x = tan 

w==2tt/= angular frequency 


5 are conducting. Time reference is the 
voltage zero on phase 3. 

Interval 1— k to h 
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halves, there results a high induced 
voltage in the side under investigation, 
and the terminal voltage and apparent 
inductance jump to higher values. Like¬ 
wise, the second distinct break in the 
curve, at 92 degrees, occurs when the igni- 
tron on phase 5 begins conduction of fault 
current. The polarity is such as to 
cause increased saturation of the inter¬ 
phase transformer. 

From the plot of Fig. 5, there is ap¬ 
parently no single value of inductance 
which can be used to calculate the arc- 
back current accurately. A conservative 
assumption must be made to permit 
mathematical treatment of the problem. 

Mathematical Development 

Based on the assumptions already dis¬ 
cussed, the double-wye circuit of Fig. 1 
ran be reduced to the circuit of Fig. 6 
for mathematical analysis. The solu¬ 


tions to the differential equations for the 
case of all secondary impedance have been 
presented in an earlier article 6 ; however, 
with the increasing use of current-limiting 
reactors in the high-voltage lines, the 
influence of primary reactance on arc- 
back currents should be considered. 
The equations of the Herskind-Schmidt- 
Rettig article* have been extended to in¬ 
clude primary quantities by redefining the 
constants Li, Li, Ri, and Ri to include 
primary impedances. In addition, alge¬ 
braic signs appearing in front of the 
second terms of equations 2 and 7 have 
been corrected. To describe circuit ac¬ 
tion to the first crest of fault current, only 
the equations of the first three intervals 
are needed. During interval 1, tubes 1 
and 3 are conducting. When the anode- 
to-cathode voltage on tube 5 becomes zero 
tube 5 picks up, and interval 2 begins, 
lasting until tube 3 stops conduction. 
Then, during interval 3, only tubes 1 and 
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The condition for the end of interval 1 
is zero anode-to-cathode voltage on tube 
5, assuming free conduction. In a 
step-by-step calculation this condition for 
the end of interval 1 must be satisfied, 
as expressed by equation 9 


id (j -Rd'j f +* 1 Rt+piiL* 


sin 
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Fig. 7. Computer oscillograms for the ger¬ 
manium analogue 

A—D-c loop current 
B—Anode current in die faulty tube 


The quantities pia and pii can be obtained 
by differentiating equations 2 and 3. 
The condition for the end of interval 2 
is «a=0 in equation 6. 

As in previous work, arc drop of the 
ignitron is represented by an equivalent 
resistance. The value of the resistance is 
calculated from tube characteristics, and, 
if desirable, the circuit-breaker arc drop 
can be included in a similar manner. 

Equations 2 through 8 can be derived 
using either the differential equations 
with the Laplace transformation or the 
method of symmetrical components. 
Analysis by symmetrical components 
provides a simple description of circuit 
performance in terms familiar to power- 
system engineers. The arc back can be 
considered as a series of secondary faults 
through an impedance, and the contribu¬ 
tion from the d-c bus voltage obtained by 
■using the principle of superposition. 
With the direct voltage short-circuited, 
the arc back appears as a double-line- 
to-ground fault through the impedance 

202 



Fig. 8. Computer circuit for switch analogue 



Fig. 9. Computer oscillograms for the switch 
analogue 

A—D-c loop current and anode currents in the 
unfaulted tubes 

B—Anode current in the faulty tube 


Z& during the first interval. When tube secondary reactance in limiting fault 

5 begins conduction, current resulting current. Current-limiting reactors placed 

from the alternating voltage is given by in the high-voltage lines do not add to the 

equations for a 3-phase fault. Again in zero-sequence impedance, 

the third interval the arc back appears as Symmetrical components offer a simple 
a double-line-to-ground fault through an check on the transform solutions in deter- 

impedance. The transient parts of the mining the impedance presented to the 

solution can be added to the symmetrical- fault current in the different intervals, 

solution by applying the proper decre- An example is presented in the Appendix 

ment to the initial values. With the in which the impedance presented to the 

alternating voltage short-circuited, the ground current, i.e., current in the d-c 

contribution from the direct voltage is circuit, is derived for the intervals during 

easily obtained as a d-c transient. which two tubes conducts 

The viewpoint afforded by symmetrical 
components is especially valuable in com- Analogue Computer Study 
paring the effects of primary and second¬ 
ary impedances. For a fault on the low- Transient phenomena in networks 

voltage side of a delta-wye step-down where analytical methods are either 

transformer, the zero-sequence imped- hopelessly complicated or extremely time- 

ance includes only the transformer im- consuming are best handled on the ana- 

pedance and those impedances on the wye logue computer. 9 The network is con- 

side of the transformer. Since the arc structed in miniature with precision cir- 

back actually involves ground faults in cuit elements and supplied by a low-volt- 

certain intervals, adding primary react- age source. Synchronous switches are 

ance does not have the same effect as used to apply the transient repetitively 
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Fig. 10. Comparison of 
computer results and 
calculated curve of 
anode current in the 
faulty tube 

— Calculated curve 
0 Computer points 
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DEGREES 

so that the solution appears as a steady 
picture on the oscilloscope. In effect, 
oscilloscope measurements are then exact 
solutions to the differential equations 
describing the transient. Since circuit 
elements can be varied over a wide range, 
this treatment lends itself to the rapid 
study of many variables. 

In a study concerned with the first- 
crest arc-back current in a double-wye 
rectifier, the circuit of Fig. 6 is adequate 
to describe circuit behavior. Several 
possible ways of representing this circuit 
on the computer were investigated. The 
use of thyratrons for an ignitron analogue 
was dismissed because of their high tube 
drop compared to safe computer supply 
voltages. Selected selenium cells with 
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very low forward drop, which have been 
used successfully in the past, 7 ' 8 gave 
transient difficulties because of their 
capacitance. In an attempt to obtain 
both low forward drop and negligible 
capacitive effects, germanium diodes were 
used for the ignitron representation. 
While the forward germanium drop is 
somewhat higher than that of selenium, 
it still permitted the use of a 22-volt 
power supply. With germanium cells 
representing igmtrons, the arc back could 
be applied across the rectifier of one phase 
with: 1. a short-circuiting synchronous 
switch; 2. a short-circuiting switch in 
series with a resistor representing arc 
drop; or 3. a short-circuiting switch in 
series with reversed diodes. In the pre¬ 
liminary study method 2 was used and 
oscillograms were obtained from the 
computer as shown in Fig. 7. Fig. 7(A) 
shows the current in the d-c loop, i.e 
the cathode-breaker current; Fig. 7(B) 
shows the arc-back current in the faulty 
anode. The synchronous switch removed 
the transient a short time after the 
second current crest. The shapes of 
these current waves should be compared 
with those of Figs. 2, 3, and 4, which 
taken on actual double-wye or 


quadruple-wye rectifiers. 

The germanium analogue is adequate 
for the study of a particular system in 
which the ignitron arc-drop characteristic 
be matched by a judicious combina¬ 
tion of the germanium characteristic 


and a senes anode resistor. However, it 
is not adaptable to the gathering of 
general data which can be presented in 
per-unit quantities and which is applica¬ 
ble to any arc-drop characteristic. To 
obtain such data, it was necessary to re¬ 
sort to a strict representation of the cir¬ 
cuit from which equations 2 through 9 
were derived, i.e., a circuit with arc drop 
represented by an equivalent resistance 
only. 

The anal ogue used in the final study is 
illustrated in Fig. 8. Synchronous 
switches with series resistors were used to 
represent the ignitrons and were adjusted 
to operate in proper sequence. Since the 
circuit was not operating as a rectifier 
before the transient was initiated, an 
additional switch and battery were pro¬ 
vided to give the initial load current in 
the d-c inductance. Oscilloscope obser¬ 
vations showed the effect from initial cur¬ 
rents to be negligible, and they could 
have been omitted with little consequence. 
The d-c bus voltage E d , represented by a 
battery, was held to approximately 90 
per cen t of normal bus voltage. During 
each repetitive sequence, switch S d 
dosed first on the de-energized circuit to 
provide the initial load current in induct¬ 
ance L d . At the time giving a maximum 

fault current, switches Si and S» closed to 
initiate the arc back on phase 1. Simul¬ 
taneously switch S d opened. When the 
voltage across switch S 6 , i.e., the anode- 
to-cathode voltage, went through zero, 
switch S t closed to begin the second in¬ 
terval. The opening of switch Sz marked 
the end of the second interval and was 
adjusted to take place when the current 
through it reached zero. After the crest 
arc-back current occurred, switch St was 
opened at its current zero. Switch Si 
then opened to de-energize the cir¬ 
cuit. With each change of circuit con¬ 
stants the switches were adjusted to 
operate at the proper time, and the crest 
arc-back currents were read from the 
oscilloscope. 
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Typical oscillograms obtained from the 
switch analogue are shown in Fig. 9. 
Fig. 9(A) shows the currents flowing in 
the normal anodes above the abscissa and 
the d-c loop current below the abscissa. 
Current in phase 3 is, of course, on the 
left since that phase is just beginning con¬ 
duction when the arc back occurs. Fig. 
9(B) shows the arc-back current in the 
faulty anode, the sum of the currents 
shown in Fig. 9(A). The oscillograms of 
Fig. 9 were not made with the same com¬ 
bination of circuit constants used for Fig. 
7. 

To verify the accuracy of the analogue 
representation, a typical case was set up 
on the computer, and the currents were 
calculated using the exact equations 2 
through 9. The verification is shown in 
Fig. 10, in which the solid curve is the 
calculated anode current; test points 
from the oscilloscope are shown in small 
circles. The ordinate of the curve is 
computer milliamperes, while the abscissa 
is degrees of time measured from the time 
reference of zero transformer voltage on 
phase 3. Magnitude and wave shape of 
the d-c loop current were also verified. 


Use of the Charts 

Data taken from the computer are 
presented in Figs. 11 and 12 as sets of 
empirical curves showing the relation¬ 
ship between circuit constants and first- 
crest arc-back current in both the faulty 
anode and the cathode breaker. To be 
quite general, the data are presented in 
per-unit or per-cent quantities. Specified 
base quantities are 3-phase kilovolt¬ 
amperes (kva) and line-to-neutral volt¬ 
age in kilovolts. In terms of these base 
quantities, line-to-neutral per-unit im¬ 
pedance can be calculated 

Z in per unit = 

(Z in ohms)(3-phase base kva) 

3,000 (line-to-neutral base kv) 2 

Base phase current and base line-to- 
neutral ohms are calculated from equa¬ 
tions 11 and 12 

_ 3-phase base kva 

Base current -- 

3 (line-to-neutral base kv) 

(ID 

_ , line-to-neutral base volts , . 

Base ohms=- (12) 

base current 


In Figs. 11 and 12 respectively, faulty 
anode current and cathode-breaker cur¬ 
rent at the first crests are plotted on the 
lower scale in per unit based on rated 
double-wye transformer name-plate kva 
and low-voltage-side line-to-neutral volt¬ 
age. For comparison, the upper scales 
are marked in per unit based on the rated 
d-c winding kva of one wye, which is 
l/\/2 times the name-plate kva. This 
d-c rating is not the proper base kva for 
the conversion of impedances to per-cent 
quantities. To apply the charts to a 
quadruple-wye connection, the circuit 
can be considered as two double-wye 
transformers in parallel. The name¬ 
plate commutating ohms therefore must 
be doubled before being put in per cent 
on the double-wye kva base, i.e., a base 
numerically equal to half the quadruple- 
wye name-plate kva. To use the charts 
for either circuit, all circuit constants 
must be in per cent on the same base 
quantities. 

The charts are entered from the left 
margin at the given X 2 /R 2 ratio and this 
point projected horizontally to the given 
per cent The intersection is pro¬ 
jected vertically downward to the given 
X e /R e ratio and the new intersection pro¬ 
jected horizontally to the right to the 
given per cent X e . The first-crest cur¬ 
rent is then read on the abscissa. To 
estimate the rate-of-rise of current, the 
crest may be assumed to occur at the 
half-cycle, i.e., 1/120 second after the ini¬ 
tiation of the arc back on a 60-cycle sys¬ 
tem. 

Observations on the computer showed 
this to be a good assumption, especially 
for cathode-breaker currents. In general, 
anode crests occurred from the half¬ 
cycle to about 40 degrees later in time; 
however, the assumption is still valid for 
calculation of maximum rate-of-rise be¬ 
cause of low values of slope at initiation 
of the arc back and at the crest. 



CREST CATHODE CURRENT IN PER UNIT 


204 


Dillard\ Baldwin•-—Rectifier Arc-Back Study, on Analogue Computer 


July 1954 



Example 

As an illustration of the use of the 
charts, consider a 5,000-kva double-wye 
rectifier with a transformer secondary 
voltage Es =650 volts. Ignitron arc drop 
is assum ed to be 203 volts at 80,000 am¬ 
peres (amp). Assume the rectifier has 
the following constants: 

Transformer commutating reactance=ft 
=0.0203 ohm 

Transformer commutating resistance = Rt 
=0.00203 ohm 

Equivalent arc-drop resistance of the igni¬ 
tron =ft =*203/80,000 =0.00254 ohm 
Interphase and d-c loop resistance =Ra 
=0.000507 ohm 

Interphase and d-c loop reactance =Xa 
=22.4 microhenrys=0.00845 ohm 

For this example the rectifier has no 
current-limiting reactors; reactances of 
the a-c system and the anode leads are 
negligible. First, the rated base current 
and base ohms must be calculated from 
equations 11 and 12 

r r\nn 

Base current — =* 2,560 amp 


"3(0.650) 


Base ohms = 


650 
2,560 1 


=0.254 ohm 


The impedances then must be put in 
per cent (%) on these base quantities 

0^203 ^ 0.08 per unit= 8 % 

1 0.254 

ft =0.008 per unit = 0.8% 
ft=0.01 per unit = 1% 

R d =0.002 per unit=0.2% 
ft =0.0333 per unit =3.33% 

X e , Re, ft, Rt, and the ratios must be 
calculated to enter the chart 

ft=8% 

ft—0.8+1.0 “l.8% 

ft=-+3.33=6% 

3 

2 ?,=—+ 0 . 2 = 0 . 8 % 

3 

—=4.45 

Re 

—=7.5 
ft 

With these values, the chart of Fig. 11 is 
altered as indicated by the dashed lines, 
and first-crest anode current is read as 
45.5 per unit. Or, in amperes 

*!=45.5 (2,560) = 116,500 amp 

Assuming this crest occurs at 1/120 
second, the approximate rate-of-rise is 

116,500 


From Fig. 12 the first-crest cathode- 
breaker current is 34.5 per unit. In 
amperes 

id =34.5(2,560) =88,400 amp 

The approximate rate-of-rise is 10.6 mil¬ 
lion amp per second for the cathode cur¬ 
rent. 

Now assume that 4-per-cent reactance 
is added in the high-voltage lines either 
as a-c system reactance or as current- 
limiting reactors. Since this does not 
change ft or ft, ft and ft are unchanged. 
Assume the reactor has 0.4-per-cent re¬ 
sistance 

ft = 1.0+0.8+0.4=2.2% 
ft=8+4 = 12% 

— = 5.45 
ft 

Entering the chart of Fig. 11 again with 
the same ft and ft, the crest anode cur¬ 
rent is read as 36.5 per unit, or 93,500 
amp. The approximate rate-of-rise is 
11.2 million amp per second. In a simi¬ 
lar manner the cathode current is 30.5 
per unit or 78,000 amp. The approxi¬ 
mate rate-of-rise of cathode current is 
9.36 million amp per second. 

Approximate Method of Calculation 

Several approximate methods of cal¬ 
culation have been presented. 
Another approximation can be applied by 
making use of the methods of symmetrical 
components and the superposition theo¬ 
rem. The assumption that only two 
tubes conduct during the first half-cycle 
permits the problem to be treated as a 
double-line-to-ground fault through the 
fault impedance Z d . Using components, 
the crest symmetrical currents at the 
half-cycle resulting from the alternating 
voltage can be calculated from the posi¬ 
tive-, negative-, and zero-sequence net¬ 
works. Because the currents cannot 
change instantly in the circuit inductance, 
the symmetrical waves must be offset to 
provide a current zero at time zero. The 
appropriate offset factors, determined by 
the phase position of the current and the 
X/R ratios, must be applied to the com¬ 
ponent currents before they are added to¬ 
gether. For simplification, resistance 
can be neglected in determining current 
magnitudes. This procedure leads di¬ 
rectly to equations 13 through 18 

V3ft_ (13) 


too*® —*Ol‘ 


ft 


(15) 


1 ft+(ft+3ft) 

The offset factor to be applied to *«t 
and i ai is very nearly 2.0 for most prac¬ 
tical cases. It can be approximated by 
equation 16 

,-i— (16) 

ft 


ft = l+ sin tan* 


Because of the phase position of the 
zero-sequence current, its offset factor is 
very nearly zero, as given by equation 17 

Ko- cos tan -1 —* 

The current in the faulty anode at the 
half-cycle resulting from the alternating 
voltage is obtained by the usual addition 
of component currents with the vector 
operator a 

iac — la 2 ftai+ a fta 2 +ftiao| 

With the alternating voltage short- 
circuited, the current flowing in the d-c 
loop as a result of the bus voltage is a 
simple d-c transient 

(19) 


tdc '• 


■a-*] 


If i d c is evaluated at the half-cycle, the 
approximate crest cumnt in the faulty 
anode is, by superposition 


s iac "h g idc 


( 20 ) 


since i dc divides between the two conduct¬ 
ing anodes. The current in the d-c loop 
circuit is given by equation 21 
. . ( 21 ) 

Example 

The numerical example making use of 
the charts also can be calculated with the 

approximate method. Consider the case 

with the 4 -per-cent reactor in the high- 
voltage lines. Using the approximate 
method with ohmic values, and the rela- 
tion X.+3X.-M,, first-crest currents 
are calculated with equations 13 through 
21 

a/2(650) 

ial “ " 6.030 5(0.0457) 

0.0305+ 0 0762 

= 18,850 symmetrical amp 

/0.0457\ 

~ 18 ,85° ^ 0 .0762/ 

-b —11,300 symmetrical amp 


la i*“ 


( 1 / 120 ) 


=13.9 million amp per second 


ft(ft+3ft) 
Xe+ ft+(ft+3 ft) 

ft+3ft 

iai = ~ ial ft+(ft+3ft) 


/0.0305\ 
tao=~ 18 > 850 y0.0762/ 


—7,550 symmetrical amp 


(14) 


, 12 % i Qon 

ft=1 + sin tan 1 — 


July 1954 


Dillard, Baldwin-Rectifier Arc-Back Study on Analogue Computer 


205 




Table I. Typical Constants for Large Electro¬ 
chemical Installations 


Constant 


Minimum Maximum 


Rectifier transformer react¬ 
ance, percent.6. 9 

Rectifier transformer X/R 

ratio.8.H 

Anode lead inductance, 

microhenrys. 1 .10 

Anode lead resistance, ohms. .0.0001.0.0010 

Equivalent tube drop resist¬ 
ance, ohms.0.0018.0.0030 

D-c loop inductance, micro¬ 
henrys. .15.40 

D-c loop resistance, ohms_0.0003.0.0010 

Interphase transformer, half¬ 
winding saturated induct¬ 
ance, microhenrys.2.20 

Interphase transformer, half¬ 
winding resistance, ohms.. .0.0002.0.0004 


^^+~+3.B37o^8% 

*i=^+^+0.2% = 1.16% 

oar 

Ko=* cos tan -1 ——£—•= 0.144 
1.167% 

iae = 11.982(18.850/240°') 4-1.982 X 

(-11,300/120°)4-0.144(-7650)| 
-1 -8590 -j51,800| =• 52,500 amp 

If bus voltage is held to about 90 per 
cent of its normal value 

030 r 0.00296 (377) ~ | 

’■""(uiftifiaL 1- * 0 0208 a20, J 

*78,500 amp 

. 78,500 

»i=52,500-|—-—=91,750 amp 

id =78,500 -3(0.144)( -7550)=81,760 amp 

This is 98.2 per cent of the anode current 
obtained from the exact equations or 
Fig. 11, and the cathode current is 105 
per cent of that obtained from Fig. 12. 
For reasonable X/R ratios, very little 
error would be introduced by assuming 
K= 2.0 and -fiTo=0. 

Both this method and those presented 
previously are approximations since they 
assume only two tubes conducting during 
the first half-cycle. The method of com¬ 
ponents does have the advantage for 
field calculations in that no special equa¬ 
tions are needed. However, for the most 
accurate results the charts of Figs. 11 
and 12 should be used. 

Circuit Constants 

Questions about estimated magnitudes 
of arc-back current often come up at 
rectifier stations for which exact values of 
all the circuit constants are unknown and 
cannot be determined readily. In these 
situations it is desirable to have at hand 
typical values of circuit resistance and 


Fig. 13. Circuit 
diagram for 
double-line-to- 
ground fault 

through an im¬ 
pedance 



inductance in order to obtain realistic 
estimates from the curves given in this 
paper. Most of the large rectifier instal¬ 
lations in this country are employed in 
the electrochemical industry. Some idea 
of the range of constants from circuits 
used in this industry can be obtained 
from the values tabulated in Table I. 

Exact values of circuit constants on the 
d-c side of most large rectifier stations are 
difficult to obtain by calculation because 
of the complexity of the d-c bus structure. 
This is not true of the a-c side where im¬ 
pedances of the a-c supply and trans¬ 
former can be determined quite accu¬ 
rately in most cases. But the resistances 
and inductances of the d-c circuit and 
interphase transformer and the arc drop 
across the rectifier at fault currents may 
have to be determined by field measure¬ 
ment. Much could be learned from a 
limited number of field measurements in 
the electrochemical industry since there 
is fair similarity between rectifier circuits 
in these large stations. 

One other factor which enters the pic¬ 
ture is the limiting action of the circuit 
breaker used to dear the arc back. A 
voltage opposing the build-up of fault 
current is inserted in the circuit as soon 
as the circuit breaker starts to open. 
This limiting action was not induded in 
this study because the present practice 
is to apply switchgear on the basis of 
magnitudes and rates-of-rise of current 
which would exist if the circuit breaker 
were not in the circuit. Investigation of 
the effect of circuit-breaker arc voltage 
and determination of accurate values of 
circuit constants are, perhaps, the most 
fertile fields for further contribution to 
a better understanding of the arc-back 
problem. 

Appendix. Effect of Primary and 
Secondary Reactance by the 
Method of Symmetrical 
Components 

To derive the impedance presented to the 
current flowing in the d-c circuit during in¬ 
tervals 1 and 3, the arc back can be 
considered a double-line-to-ground fault 
through an impedance, as illustrated in Fig. 
13. For this fault, the negative- and zero- 



sequence networks are paralleled and con¬ 
nected in series with the positive-sequence 
network. The rms current equations are 


Z&(Zw)-\-ZZf) 


Zn-f-Zwi~3Zf 


tal Zn+Zn+3Z f (23) 

where Zn, Z 22 , and Zoo are positive-, nega¬ 
tive-, and zero-sequence impedances respec¬ 
tively. Zf is the fault impedance 
For the delta-wye transformer connection, 
in terms of primary- and secondary-side 
impedances previously defined 

Zn=Z22=Zp4-Z* 

Zoo=Z, 

3Z/=3Z tf (24) 

Making these substitutions in equations 22 
and 23 


3i"ao = —' 


3 E s 

■£u+2(Zoo+3Z/) 

_ *f_ 
2 z 


1 

e + 2 +z ‘_ 


Therefore, Zi of equations 2 and 7 is given 
by equation 26 


*-?+7+* 
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Discussion 

"W Fraser (Aluminum Laboratories Ltd., 
Arvida, Que., Canada): The analogue com¬ 
puter study described provides an accurate 
and rapid means of estimating rectifier fault 
currents. This method should provide 
valuable information to those concerned 
with the use and application of rectifier 

equipment. , , . , .. 

The omission of the limiting action of the 
circuit breaker is fully justified. The rate 
of rise of current which would exist without 
this limiting action provides the switchgear 
designer with an indication of the duty re¬ 
quirements of d-c protective equipment 
The statement made by the authors that 
4 ‘the tendency to operate more and more 
rectifiers in parallel... results in higher arc- 
back currents” is probably true in some 
cases; actually a greater contribution to 
higher arc-back currents is the use of indi¬ 
vidual rectifier units of higher current 
capacity. 

H. Winograd (Allis-Chalmers Manufactur¬ 
ing Company, Milwaukee, Wis.): The au * 
thors are to be commended for an excellent 
job in applying the analogue computer to 
the study of rectifier circuit problems. 
They have used ingenuity in adapting the 
computer for this work and in the presen¬ 
tation of the results. Those of us who 
occasionally have to calculate the fault cur¬ 
rents in rectifier circuits can best appreciate 
the value of the graphs in Figs. 11 and 12. 

I hope the authors will continue the good 

The statement in the fourth paragraph of 
the paper that “Apparently the convenience 
of miniature systems in rectifier studies 
has been overlooked until recently is not 
quite correct. We at Allis-Chalmers have 
u tiliz ed miniature rectifier circuits for this 
purpose on various occasions, employing 
thyratron tubes with small rectifier trans¬ 
formers to represent rectifier units. For 
example, the application of phase shifters for 
phase multiplication in the first large recti¬ 
fier installation for an aluminum reduction 
plant, in 1938, was studied on a miniature 
setup before the phase shifters were in¬ 
stalled in the aluminum plant. Five imma¬ 
ture 6-phase rectifier units with thyratron 
tubes were used to represent five 5,500-kw 
units supplying power to each of two potlmes 
in the Alcoa, Tenn., plant of the Aluminum 
Company of America. The 30-phase sys¬ 
tem tried in miniature was applied to the 
large installation; it solved a senous tele¬ 
phone interference problem and set the pat¬ 


tern for phase multiplication in all subse¬ 
quent large rectifier installations for electro¬ 
chemical service. Some of the results, ob¬ 
tained are given in reference 1 and a minia¬ 
ture test set is shown there in Fig. 4. 

We have also used miniature rectifier 
systems with thyratron tubes for the study 
of electronic motor circuits, grid-control cir¬ 
cuits, and other rectifier circuit problems. 
Miniature rectifier circuits with thyratron 
tubes require the use of higher voltages and 
power than the analogue computer and may 
not be as flexible in varying the circuit con¬ 
stants. However, they have advantages 
for studies involving phase control, and it is 
possible to obtain simultaneous oscillo¬ 
graphic records in various parts of the recti¬ 
fier circuit. 
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1 Wave Shape of 30- and 60-Phase Rectifier 
Groups, O. K. Marti, T. A. Taylor. AI'****££ 
actions (Electrical Engineering), vol. 59, April 1940, 

pp. 218-26. 


A. Schmidt, Jr. (General Electric Com¬ 
pany, Schenectady, N. Y.): The authors 
are to be congratulated for having tackled 
a difficult problem and arrived at a useful 
solution. A simplified method of calcu¬ 
lation for general use has been needed for 
some time. 

The authors have assumed the source ot 
d-c feed as an infinite bus having a voltage 
equal to 90 per cent of the normal d-c bus 
voltage. It seems that a more realistic 
procedure would consist of adding the in¬ 
ternal impedance of the source of d-c feed 
to the impedance of the d-c loop and using a 
higher value of voltage for the d-c feed. 
This value would be Ego in case rectifiers 
are the source of d-c feed. If the rectifier 
load consists of d-c machines, their internal 
voltage would constitute the d-c feed 

voltage. . . 

It is unfortunate that the authors did not 
present information on currents in the nor¬ 
mal anodes. It is well known that a recti¬ 
fier anode has a fairly definite fault current 
capacity 1 and that when this capacity is 
exceeded, as it may be when feeding mto an 
arc back, consequential arc backs can be 
expected. If the currents in the normal 
anodes are known, the probability of conse¬ 
quential arc backs can be evaluated. 

The figures given by the authors are some¬ 
what pessimistic in two respects. In many 
cases two or more rectifiers are connected to 
a system. When one of these rectifiers arcs 
back, the feed of the parallel rectifier or 
rectifiers into the arc back reduces the trans¬ 
former voltage of the faulty rectifier due to 
system impedance. This will reduce the 
contribution by the normal anodes in the 
wye which includes the faulty anode. 
Another pessimistic assumption, and one 
which has been made in previous studies, is 
the assumption that the second normal 
anode enters conduction at the time when its 
potential becomes positive. Most excita¬ 
tion systems are arranged so that the anode 
is not permitted to fire until a later time. 
If this later starting time were chosen, the 
magnitude of the fault current would be 

somewhat lower. . 

The authors have carried out the solution 
of equations given in a previous paper to 
determine fault currents. This earlier 
paper also describes an approximate method 


of solution which has since been modified 
and used with results having a fair degree of 
accuracy. In applying this approximate 
method, the faulty rectifier is assumed to 
present to the source of d-c feed a counter¬ 
electromotive force having a-c and d-c com¬ 
ponents. These components are deter¬ 
mined by inspection (see Fig. 7 of earlier 
paper*) to be approximately 0.2522* for both 
the crest value of the a-c component and for 
the d-c component. # 

If this approximate method is applied to 
the authors’ example, currents of 120,200 
and 88,700 amperes are found for the faulty 
anode and the cathode respectively, com¬ 
pared with 116,500 and 88,400 amperes in 
the authors’ paper. 

With normal operation, the interphase 
transformer will delay build-up of reverse 
cathode current until it becomes saturated. 
This should require a matter of 20 to 40 
electrical degrees, depending upon the inter¬ 
phase transformer design and the phase of 
arc back. However, current unbalance be¬ 
tween the two wyes may result in an ap¬ 
proach to saturation in the interphase 
tr ansf ormer, and the pessimistic assumption 
of no delay in build-up of cathode current is 
sometimes realized. 
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J. K. Dillard and C. J. Baldwin, Jr.: We 
appreciate the comments of all the discus¬ 
sers. Their observations have contributed 
a great deal to a clearer understanding of 

the subject treated in our paper. 

As Mr. Fraser points out, the use of larger 
capacity rectifier units, which implies lower 
reactance transformers, does result in higher 
arc-back currents. The reactance of the 
rectifier transformer has a substantial effect 
on the magnitude of fault current as evi¬ 
denced by observing the effect of changing 
the per cent X e on Figs. 11 and 12. 

We regret that we were unaware of the 
model rectifier studies, using thyratron 
tubes, which Mr. Winograd described. In 
our search of the literature, the title of the 
paper he cited did not give us a due that the 
problem had been studied on a model. 
Modd studies are very useful for handling 
specific problems and installations. For 
general studies the analogue computer has 
an advantage because of the flexibility wit 
which circuit parameters can be represented 
on a per-unit basis. In the section of the 
paper covering the analogue computer study 
some of the problems encountered in adapt¬ 
ing a fixed arc drop, like that of a thyratron 
tube or germanium tube, to gathering gen¬ 
eral data are discussed. Using a fixed arc 
drop, all of the other circuit constants have 
to be represented as ratios of the fixed value, 
which limits the range of variables that can 
be considered Phase control studies can be 
handled on the analogue computer, although 
not quite as easily as on a model circuit. 

A more realistic approach to handling 
the d-c feed into the fault has been sug¬ 
gested by Mr. Schmidt. Our representation 
of the d-c bus by a voltage fixed at 90 per 
cent of normal is defended on the basis of the 
difficulty which would be encountered in 
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paralleling several sources having different 
internal impedances. If this difficulty is 
overcome through the separate representa¬ 
tion of all the sources connected to the d-c 
bus, the complication of the study is in¬ 
creased tremendously and generality is lost. 
The chief limitations of selecting a fixed 90- 
per-cent voltage representation of the d-c 
bus are: 1. the results in many cases are 
too conservative; 2. the curves cannot be 
applied to a simple circuit where there are 


few parallel units or no counterelectromotive 
force to hold up the bus voltage. 

Mr. Schmidt’s other suggestions merit 
further consideration. We expect to extend 
our work to include the current in the nor¬ 
mal anodes, as well as data on sympathetic 
arc backs. In making this study his com¬ 
ments relative to the assumption that the 
second normal anode enters conduction at 
the time when its potential becomes positive 
will be kept in mind. 


Both our approximate method and the 
one referred to by Mr. Schmidt assume only 
two tubes conducting during the first half¬ 
cycle. The method we proposed has an ad¬ 
vantage in making calculations in the field 
because no special equations or curves are 
needed. Also, this way of looking at arc- 
back faults may give a better physical pic¬ 
ture to those of us who are accustomed 
to thinking in terms of faults on power sys¬ 
tems. 


Some Engineering Considerations in the 
Design of Telephone Systems to Serve 
Predominantly Rural Areas 


t. j. McDonough 

ASSOCIATE MEMBER AIEE 

T HE Rural Electrification Administra¬ 
tion (REA) under an Act of Congress 
of October 1949 has the responsibility for 
making long-term loans for the construc¬ 
tion of telephone systems in predomi¬ 
nantly rural areas. Loans made under the 
Act are generally for a 35-year period at 
2-per-cent interest. 

Security for loans of this type is repre¬ 
sented primarily by the ability of the sys¬ 
tem to provide good service at reason¬ 
able rates over the loan period. To insure 
that the systems for which loans are •made 
represent adequate loan security, it is 


WARNER T. SMITH 
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areas which are to be served is in some 
cases as low as 0.1 subscriber per square 
mile. The typical area is of the order of 
three subscribers per square mile. Sel¬ 
dom is there a populous area included 
within a system. The systems typically 
are located on the periphery of a populous 
area served by another organization which 
area is frequently the center of commer¬ 
cial and social interests of the subscribers 
to the rural system. 

Basic Design Principles 


est annual cost of designs, full advantage 
is taken of the relatively low annual cost 
of REA loan funds to defray other higher 
annual costs associated with operation, 
maintenance, etc. One example of the 
effect of this principle on designs is the 
preponderance of dial switchboards in 
designs. 

In the usual case, the substantially 
higher investment required for dial 
switchboards compared to m anual switch¬ 
boards, is more than offset by the lower 
annual cost of dial operations. 

The more important REA design 
standards or objectives relating to quality 
of service are: 

1. Adequate transmission and signaling. 

2. Multiparty line fill of eight parties. 

3. Full or semiselective ringing. 

4. Adequate trunk facilities to intercon¬ 
necting exchanges. 

5. Twenty-four hour a day service, prefer¬ 
ably of the dial type. 

6. Plant design to achieve the m axim um 
reliability of service. 


necessary to establish standards for the 
design and construction of such sys¬ 
tems. 

It is the purpose of this paper to dis¬ 
cuss the more important phases of these 
standards. Information on the charac¬ 
teristics of the systems designed to date 
is provided as indicative of the problems 
involved and the need for developments 
to facilitate the expansion of rural te¬ 
lephony. 

Average population density in the 
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In establishing the basic design prin¬ 
ciples. to be used, in the development of 
specific standards, the following are some 
of the more:important considerations: 

1. The objective of the REA program is to 
extend service tp as many unserved rural 
areas as practicable. 

2. Loan funds are available for a 35-year 
period at 2-per-cent interest. 

3. The operating system provides the pri¬ 
mary security for the loans. 

Examination of these factors, along 
with those which apply to all rural tele¬ 
phone systems, leads to the formulation 
of the following basic principles to apply 
to all design activities: 

1. The designs will be based on achieving 

the minimum over-all costs of rendering serv¬ 
ice, considering all factors. 

2 1 . The desi ^ ns will provide for the ren¬ 
dition of service of good quality, as is essen¬ 
tial to perpetuate an operating system as 
security for the loan. 

In the application of the principle of low¬ 


Details of Design Standards 

Details of design standards and ob¬ 
jectives to carry out these basic prin¬ 
ciples are provided in the succeeding para¬ 
graphs. To a large extent, the design 
standards represent adaptation of ap¬ 
plicable designs developed and used by 
the industry. 

Fundamental Plan 

A basic long range plan is required be¬ 
fore attempting to design a system to pro¬ 
vide telephone service. In order to de¬ 
velop this fundamental plan, a commer¬ 
cial survey is necessary to establish the 
i mm ediate and future telephone needs of 
the area. With the results of such a sur¬ 
vey, a design can be prepared which will 
indicate the type and extent of telephone 
facilities necessary to satisfy the require- 
ments for telephone service. The design 
considers not only the initial demand for 
telephone service, but the anticipated 
growth for periods of 5 and 10 years in the 
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future. Where there is existing plant, the 
amount to be retained in the proposed sys¬ 
tem depends on its condition and its 
adaptability for use in the fundamental 
plan. 

Central Offices 

The number and location of central 
office are determined by a subscriber 
loop and trunk study which is an attempt 
to place in equilibrium the annual costs 
of central-office equipment, buildings, 
trunk circuits, and subscriber loops. 
These studies are affected to a very great 
extent by the results of the commercial 
survey, and on the estimated calling 
habits of the existing and potential sub¬ 
scribers. It has been found that gener¬ 
ally in rural areas telephone service can be 
most economically provided through the 
use of unattended dial offices working 
into larger attended offices which are 
owned by some other company. 

Extended area service (EAS), toll 
free or flat rate, between central of¬ 
fices is employed in many instances to 
provide service between exchanges which 
have a substantial community of interest 
with each other. This is desirable where 
toll charges would not offset traffic and 
commercial costs. 

Nation-wide Toll Dialing 

System fundamental plans generally 
include provision for participation in na¬ 
tion-wide toll-dialing plans. For this 
reason, in addition to providing adequate 
transmission, switching, and signaling 
facilities, all central offices ordered since 
March 1953 are wired or equipped for 2- 
letter 5-digit numbering. Close liaison 
with the American Telephone and Tele¬ 
graph Company and the operating Bell 
and independent companies is main¬ 
tained to assure co-ordination with 
changes in nation-wide toll-dialing plans. 

Transmission and Signaling 

Toll trunks which are part of the inter¬ 
toll dialing network have a transmission 
design objective of 4 decibels (db) net 
loss between the end office and the toll 
center. Trunks which are not part of the 
intertoll dialing network have a trans¬ 
mission design objective of 12 db net loss 
between the originating and terminating 
offices. 

Loop signaling usually is not specified 
for 2-way trunks. Since only a small pro¬ 
portion of the central offices have suf¬ 
ficient trunks in a group to justify 1-way 
trunks, it finds little use in the program. 
The majority of trunk circuits are 2-way 
types using simplex or composite signal¬ 


ing and are designed to permit E-M 
duplex-type signaling whether or not it is 
initially required. 

Transmission losses on subscriber loops 
are determined by using the loop loss 
factor method. Effective transmission 
loss of 0 db at the central office has been 
established as a design objective, and a 
line resistance of 1,000 ohms (excluding 
the telephone set) has been established 
as the signaling standard. Prior to the 
introduction of the Western Electric 
Company’s type-500 telephone set, the 
exchange transmission and signaling 
limits were compatible. The type-500 
set now makes satisfactory transmission 
possible on lines as high as 2,000 ohms 
which is beyond the capabilities of stand¬ 
ard central-office equipment for supervi¬ 
sion. At the present time, long-line 
adapters are required by most manufac¬ 
turers to extend the supervision limits be¬ 
yond 1,000 ohms. 

Where required, use is made of cable 
loading and relatively high conductivity 
conductors to attain transmission objec¬ 
tives. On trunk circuits, voice-frequency 
repeaters and the improved transmission 
characteristics of carrier circuits are 
utilized. 

Traffic 

Interoffice trunking requirements vary 
depending upon the type of traffic han¬ 
dled. The design objective for engineering 
of toll trunks is not more than three to 
five lost calls out of 100 busy-hour calls. 
Extended-area service trunks are engi¬ 
neered so that there will be from two to 
ten lost calls in 100 depending upon the 
cost of providing the facilities, which in 
turn is related to the distance between 
offices. 

Intraoffice trunking requirements for 
dial switchboards vary depending upon 
the number of switching stages. All are 
now designed so that for 98.5 per cent of 
the busy-hour calls, dial tone will be de¬ 
layed 3 seconds or less. 

Traffic estimates are based partially on 
existing calling habits and partially on 
engineering judgment. More than 400 
switchboards were analysed and were 
found to be engineered on the basis of be¬ 
tween 1.3 and 2.5 originating unit calls 
per line. In general, the higher the aver¬ 
age line fill the greater the traffic. During 
the next year, we hope to check the es¬ 
timated traffic against that which actually 
exists. 

Ringing Systems 

The objective of full-selective or senu- 
selective ringing for multiparty lines re¬ 
quires that one of two available types of 
ringing systems be utilized. These are. 


Multifrequency Ringing 
This type of ringing system achieves its 
selectivity by mechanical and electric 
tuning of the station ringers to one of five 
freq uen cies transmitted by the central- 
office ringing machine. The frequency 
band used ranges from 16 to 66 2 /a cycles. 
There are various combinations of fre¬ 
quencies utilized by the several types of 
systems. The ringing frequencies can be 
generated by static, rotating, vibrator, or 
electronic types of machines. 

With this system, five stations bridged 
can be rung with full selectivity. Ten 
bridged ringers can be rung on a semi- 
selective basis. Divided connection of 
ringers, of course, will ring up to ten 
parties on a fully selective basis. Divided 
connection of ringers may be impracti¬ 
cable, however, where noise induction is 
important. As discussed under the sec¬ 
tion on dial central-office equipment, both 
divided and bridged ringing of multi¬ 
party lines can be used on the same sys- 

tem. , 

Certain lines where noise induction is a 
problem can utilize bridged ringing, while 
the remainder of the system can utilize 
divided ringing. Reconnection of ringers 
from divided to bridged can be done at 
any timp. when conditions warrant. 

In the last 2 years, most manufac¬ 
turers of “multifrequency” ringers: have 
brought out new designs of ringers of the 
high-impedance type (over 100,000 ohms 
at 1,000 cycles). This type of ringer is 
beneficial not only from the noise-induc¬ 
tion standpoint, in the event of divided 
ringing, but in addition, the lower current 
requirements of these ringers improve the 
reliability of ringing over the longer 
loops. 

Superimposed Ringing 

This type of ringing involves a single 
ringing frequency. It achieves its selec¬ 
tivity through divided connection of 
ringers, mechanical bias, and the super¬ 
imposition of direct voltage. The ringing 
machines for this type of system consist 
of static or rotary type generators, with 
approximately 45 volts of direct current 
superimposed to give polarity selection. 
A divided connection will provide full 
selectivity for two ringers. The use of 
plus and minus polarity selections pro¬ 
vides for full selectivity of four divided 
ringers. Semiselective ringing can be 
provided for up to eight parties by in¬ 
troducing a second ringing code. The 
station-equipment ringer is isolated from 
ground with a polarized cold-cathode 

tube. . 

When the correct polarity is applied, the 
tube breaks down and permits the ringing 
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voltage to be applied to the ringers. Since 
the ringers are isolated from ground in the 
idle condition, they have no effect on 
noise. There have been some difficulties 
in the past where high induced voltages 
to ground were encountered, which caused 
faulty operation of the tubes in the idle 
period. A new tube containing four ele¬ 
ments is now available, which will with¬ 
stand a 180-volt peak between line and 
ground, and is adequate for all but the 
most unusual situations. 

System Protection 

As a design objective, all practicable 
protection means are utilized throughout 
the system to safeguard life and properly. 
Outdoor-type station protectors are used 
at subscribers’ premises. The protectors 
consist of 7-ampere power-rated fuses and 
a carbon-block type of low-voltage ar¬ 
rester connected to ground. The ground 


connected with the power-service ground 
to obviate differences in ground poten¬ 
tials. The carbon blocks break down at 
about 450 volts and prevent higher volt¬ 
ages reaching the subscriber set. The 
fuses are present to protect against power 
contacts with peak voltages of less than 
3,000 volts. They should not, but un¬ 
fortunately often do, operate under 
surges. 

Joint pole crossings are preferred to 
mid-span crossings with power lines. This 
minimizes the possibility of contacts in 
the event of power-line failure and, where 
the power system is of the multigrounded 
neutral type, permits access to a reliable 
ground for connection of power contact 
protectors which are recommended at all 
crossings with such systems. The power 
contact protectors consist of gaps from 
each wire to a ground electrode which 
break down at about 3,000 volts. The 
breakdown of the gaps protect the station 
fuses from having to dear voltages higher 
than their rated value of 3,000 volts and 
permits power-system fault current to 
flow to ground, thus obtaining rapid de¬ 
energization of the power system. 

At the junction of open wire and cable 
carbon-block arresters are used with the 
cable terminals. These arresters have 
slightly higher breakdown voltages thq.n 
those of the station protectors but are 
well within the breakdown voltage of the 
cable pairs to sheath. The protectors are 
grounded to the cable sheath and miti¬ 
gate against high voltages getting into the 
cable from the open-wire plant. No fused 
type of cable terminals are used. 

At the central office main frames, heat 
coils and carbon blocks are used for pro- 
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tection of the central office equipment. 
A short section of 24- or 26-gauge cable is 
installed as the entrance cable to limit 
currents to safe values. Much care is 
exercised to obtain a good central office 
ground. 

In areas of high lightning inddence, 
pole protection grounds are installed at 
every fourth pole to minimize pole dam¬ 
age. These consist of wires which run 
from the top of the pole to a point n ea r 
the ground. 

Protection for joint use situations in¬ 
dudes the use of power contact protectors 
at regular intervals tied in with the multi¬ 
grounded neutral of the power syst em . 
Static voltage drainage units are used 
whenever required by the length of joint 
use drcuits and other conditions. 

Dial Central Office Equipment 


specifications established by REA. Three 
companies manufacture switch equipment 
and three manufacture all-relay equip¬ 
ment. AH have equipment in service with 
one or more REA borrowers. 

The general specifications require that 
the central office equipment will operate 
on lines with 1,000 ohms loop resistance at 
68 degrees Fahrenheit (exduding the tele¬ 
phone set) with 15,000 ohms leakage re¬ 
sistance and 5-microfarad bridged capadt- 
ance. Full selective ringing for eight 
parties with multifrequency ringing re¬ 
quires divided ringing, but in some instal¬ 
lations due to inductive interference fuH 
selectivity may be impracticable. The 
spedfication therefore requires that a 2- 
ring code be provided so that on such lines 
the ringers may be bridged and semi- 
selective ringing used without requiring 
changes in the equipment or central office 
wiring. 

Means are provided for transmitting 
an alarm indication to an attended loca¬ 
tion automaticaHy as well as indica tin g 
the alarm condition locally. It is possible 
to determine from any telephone whether 
the alarm is of major or minor impor¬ 
tance. 

The nominal switchboard voltage is 48 
volts d-c with batteries furnished which 
are capable of maintaining operation dur¬ 
ing failure of the a-c supply. Charging is 
on a full float basis with a full-wave, self¬ 
regulating constant voltage dry disk or 
equivalent type of charger being re¬ 
quired. 

Stand-by ringing, interrupter, and tone 
equipment are required to reduce as 
much as practicable the possibiHty of the 
central office being out of service due to 
failure of common equipment. 


Type of Connectors 

Two types of connectors may be speci¬ 
fied in community dial offices. Terminal 
per-line connectors are capable of select¬ 
ing a line and then selecting a station on 
that line. The number of stations that 
can be served by a connector terminal 
is determined by the number of different 
ringing combinations which the con¬ 
nector is designed to handle. The vast 
majority of the connectors for the more 
than 400 switchboards analyzed are cap¬ 
able of handling up to ten parties per line. 
Some of the larger central offices operate 
on a combination terminal per-line and 
terminal per-station basis. Some ter¬ 
minal per-station operation was selected 
because, while more costly for party lines, 
it has the foUowing advantages: 

1. Each connector is simpler and less 
costly. 

2.. Efficiency in operation of outside plant 
is increased. 

3. Intercept equipment is simpler and less 
costly. 

4. Subscriber may move yet the same di¬ 
rectory number is retained. 

Busy Verification 

Busy verification is a feature which 
permits a toU operator to override a busy 
Hne indication. This is desirable to de¬ 
termine if a line is out of order or if there 
is actuaUy someone talking. On toll calls 
it may also be used for number checking. 
The method of verification in use at the 
toH center is usually specified but wher¬ 
ever possible verification is done using the 
prefix digit “0” since level “0” on in¬ 
coming toU selectors is available. Suffix 
digit verification is not recommended be¬ 
cause of difficulties encountered in using 
it with certain senderized offices. Its ad¬ 
vantage of not requiring a selector level 
is negated if prefix digit “0” may be 
used. 

Revertive Calls 

AH of the dial switchboards are equipped 
so that parties on the same line may 
caH each other without the assistance of 
an operator. Certain manufacturers find 
it desirable to complete revertive palls 
through the use of a special switch. This 
method requires dialing a special code of 
one or more digits foUowed by the last 
digit of the caUing and caHed subscribers' 
directory numbers. The other method is 
to initiate a revertive caH just like any 
other caH by diaHng the caHed subscriber’s 
directory number. With either method 
the caUing subscriber must hang up after 
dialing to start the cafled subscriber’s 
telephone ringing. When the revertive 
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connection is made to the best ground 
available at the premises, and then inter¬ 


ate olA 


central office equipment meets the genen 



call switch is employed, the calling and 
called subscribers’ ringers operate alter¬ 
nately so that when the calling subscriber’s 
telephone stops ringing it is an indication 
that the called party has answered. When 
revertive calls are completed by direc¬ 
tory number, the calling subscriber must 
wait a reasonable length of time before 
lifting the receiver so as to give the called 
subscriber an opportunity to answer be¬ 
cause ringing will stop when either party 
answers. So that the called party will 
know that it is a revertive call and wait 
for the calling party to get back on the 
line, a distinctive tone is given which in¬ 
dicates that it is a revertive call. It is rel¬ 
atively easy for the subscribers to de¬ 
termine who the other parties are on their 
line since in terminal per-line offices only 
the last digit of their directory numbers 
differ and the majority of community 
dial offices have terminal per-line con¬ 
nectors. 

Lockout 

Lockout is another feature required in 
community dial offices. Since the offices 
are usually unattended, an “off-hook” 
signal on a subscriber line due to a mis¬ 
placed handset, a line cross, or a ring side 
ground could tie up switching equipment 
indefinitely. Line circuits equipped for 
lockout are automatically disconnected 
from the switching equipment after some 
predetermined time and remain discon¬ 
nected until the cause is removed. On 
revertive calls with 100-per-cent lockout 
the line is put on lockout when the called 
party answers, thus making the switching 
equipment available for other calls. 

Intercept 

It is sometimes desirable to intercept 
calls directed to certain subscriber num¬ 
bers or trunk levels. Intercept by an 
operator of a party-line station is the most 
complete type of intercept but for ter¬ 
minal per-line operation it is quite costly 
and is therefore usually not employed in 
terminal per-line offices of less than 400 
lines. Operator, and later customer toll 
dialing, wiil make it desirable to have all 
unassigned directory numbers on inter¬ 
cept but with existing methods this is not 
economical in terminal per-line offices. 

Central Office Specifications 
The general specifications cover the 
standard features discussed in the fore¬ 
going. Specific requirements for individ¬ 
ual offices are compiled and shown on a 
standard form. The manufacturers have 
become familiar with the requirements of 
the general specifications and the pattern 


which is developing in the detail speci¬ 
fication so that engineering of individual 
offices is expedited. Further, it has led 
to advance manufacturing of certain com¬ 
ponents which is indicative of further 
possibilities in standardizing central of¬ 
fice equipment. 

Exchange Outside Plant 

The cable portion of plant utilizes 
plastic-sheathed plastic-insulated cable or 
lead-paper type. Long-span lashed- 
aerial cable construction is commonly 
used. Because of unresolved problems 
connected with cable “dancing” under 
certain wind conditions, it has been 
necessary to limit span lengths in some 
sections of the country. Buried and 
underground cable have only limited ap¬ 
plication because the cable plant require¬ 
ments of the systems do not justify eco¬ 
nomically such construction with present 
methods. 

Open-wire plant is basically of the long- 
span type (300 feet average in heavy¬ 
loading areas and up to 400 to 500 feet 
spans in medium and light-loading areas). 
The wire is strung in accordance with 
conductor manufacturers’ recommenda¬ 
tions with tensions low enough to insure 
adequate fatigue endurance. The maxi¬ 
mum span lengths are limited so that the 
breaking strength of the conductors are 
not exceeded under the assumed storm 
loadings of the National Electrical Safety 
Code (NESC). 

The pole line design is based on not ex¬ 
ceeding the fiber strength of the poles 
under the NESC-assumed storm loadings. 
This margin of strength is equalled or ex¬ 
ceeded throughout all segments of plant 
on a co-ordinated basis. Deadends are 
given particular care to assure that they 
will not be the weak link in the line. 

Conductors of high-strength copper- 
clad and galvanized-steel types are used 
on the basis of conductivity and trans¬ 
mission requirements or for specific cor¬ 
rosion resistance properties in areas hav¬ 
ing unusual atmospheric corrosion con¬ 
ditions. Spiral reinforcing splints of the 

factory-preformed type are used at points 
of conductor support to provide reliable 
ties which will minimize conductor vibra¬ 
tion difficulties. 

The open wires are transposed to the 
R-l scheme (transposed every other 
pole) on long-span construction and to the 
R-2 scheme (transposed every fourth 
pole) where short spans are used. Tan¬ 
dem-type transposition brackets are used 
without ties. In some areas with high 
winds, tieing may be necessary to avoid 
conductor and insulator abrasion. 

Open-wire construction exceeding two 


full crossarms (10 circuits) is seldom em¬ 
ployed as cable circuits have been found 
to be more economical in this range of 
circuit requirements. The majority of 
open-wire pole line mileage is of the 1- 
dreuit type. This type of construction 
has been given particular attention and a 
design using a 2-pin crossarm, without 
braces, type of construction was de¬ 
veloped as an alternate to bracket con¬ 
struction. The 2-pin crossarm used has a 
rectangular notch to bind against the un¬ 
gained side of the pole and when tightly 
bolted provides adequate resistance to 
canting. Tests indicate that with a 250- 
pound load on one end of the arm no ob- 
jectional cant is experienced. The arm is 
18 inches long and provides 12-inch 
spacing. It provides better configuration 
than brackets and results in 12-inch 
greater ground clearance than the bracket 
type. The crossarms are usually fabri¬ 
cated from stock not suitable for use for 
the longer crossarms and are therefore 
inexpensive. Recent cost data indicate 
that “in place” costs are comparable to 
that of brackets with associated straps. 
The crossarms are used also as tandem 
brackets for transpositions by mounting 
on the side of the pole. 

Joint use with electric supply circuits is 
employed wherever practicable and eco¬ 
nomical. In the usual case, the economy 
will depend on the modifications required 
in existing electric pole lines. Where em¬ 
ployed, the separations required by the 
NESC and the additional separations for 
long-span construction recommended by 
the Joint Pole Practices of the Edison 
Electric Institute and Bell System 1 are 
observed. 

In all construction, the provisions of 
the NESC and local laws and ordinances 
are observed. Ground clearances on 
private property are worked outwithprop- 
erty owners but in no case is less than 
8 feet of basic ground clearance provided. 

Inductive Co-ordination 

Every effort has been made in estab¬ 
lishing the design standards to minimize 
the susceptiveness of the telephone plant 
to noise. The open-wire plant design and 
central office equipment circuit balance 
have been given specific study from the 
noise standpoint. As a result of these 
measures, it is believed that for the aver¬ 
age exposure with normal power system 
infl uence noise problems will not be prev¬ 
alent if the telephone plant is properly 
maintained. 

Trunk Plant 

Trunk plant designs are either open 
wire or cable and trunk circuits are con- 
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Table I. Co$t Distribution 



Fig. 1 (left). Number of . 
central offices per system 

Note: 115 borrowers and 
438 central offices (applies to 
all figures) 




Per Cent for 

Approximate Federal Comm uni- 


Per Cent 

cations Commission 


for Rural 

Class-A and -B 

Item 

Systems 

Companies 

Outside plant.... 

.... 72.... 


Central office, 



including land 



and buildings... 

.... 17.... 

. 41 

Station equipment 

.... 8.... 

. 17 

Other. 

.... 3.... 

. 3 


100 

100 


structed jointly with exchange plant 
where routing permits. For the shorter 
distances (10 miles or less), voice fre¬ 
quency circuits are generally favored. 
Phantom circuits are utilized to some ex¬ 
tent in this range where power system ex¬ 
posures are favorable. Beyond this 
general mileage range, carrier circuits are 
considered and utilized when economical. 

Trunk circuits use the exposed line 
transposition system. For carrier cir¬ 
cuits, the transposition scheme used is 
dependent on the highest frequency of 
carrier that is contemplated. The United 
States Army line transposition scheme 
is now under study as a possible alter¬ 
native to the exposed line system where 
no phantoms are involved. 

In a few instances, point-to-point 
radio has been used to provide economical 
trunk circuits. 

Quantitative System Design Data 

Preliminary data that have been ob¬ 
tained from more than 100 systems de¬ 
signed to date are summarized now. 

Number of Central Offices 

Fig. 1 illustrates the distribution of 
central offices by number per system. All 
offices included in the study are of the 
dial type and are either on order or newly 
installed. It can be seen that 50 per cent 
of the systems have three or more central 
offices while only 20 per cent have six 


or more. One system has 20 central of¬ 
fices. 

Subscriber Lines per Central Office 

Fig. 2 shows the distribution of number 
of subscriber lines per central office. It 
can be seen from the figure that 60 per 
cent of the central offices have less than 
80 lines but only 14 per cent have more 
than 200 lines. Only one central o ffice 
has more than 625 lines. 

Interoffice Trunks per Central 
Office 

Fig. 3 shows the number of interoffice 
trunks per central office. It can be seen 
that 50 per cent of the central offices have 
between five and ten trunks with 42 per 
cent of the central offices having seven 
trunks or more. Less than 20 per cent 
have more than 12 trunks. 

Subscribers’ Data 

1. The average system has about 1,100 
subscribers. 

2. The average central office has about 300 
subscribers. 

3. The average number of subscribers per 
mile of pole line is 3.5 ranging from less than 
one per mile in the Plains States to over 25 
per mile in Louisiana. 

4. The distribution of subscribers by grade 
of service is as follows: 

1- party 18 per cent 

2- party 8 per cent 

4-party 19 per cent 

multiparty 55 per cent 


5. In a study of 11 system designs, it was 
shown that approximately 67 per cent of the 
subscribers are within 4 miles of the central 
office and less than 2.5 per cent of them are 
more than 12 miles from the central office. 
The introduction of the 500 series telephone 
and subscriber line carrier will extend loop 
limits operable from a single central office. 
Consequently it is expected that a smaller 
proportion of the subscribers will be within 
4 miles of the central office and a greater 
proportion will be more than 12 miles from 
the office. 

Pole Line Data 

1. The average exchange pole line miles per 
system are 310 of which 290 are open wire 
and 20 miles are cable. 

2. Over 50 per cent of the cable sheath 
mileage is 26 pair, with 22 per cent 51 pair, 
and 16 per cent less than 26 pair. 

3. Open-wire pole line is broken down as 
follows: 

2-wire 61 per cent 

4-wire 14 per cent 

6-10 wire 17 per cent 

over 12-wire 8 per cent 

100 per cent 

Extended Area Service Data 

1. To date, approximately 100 systems 
have extended area service proposed or in 
operation with connecting companies. 

2. The average distance between central 
offices is 10 miles. 

Cost Distribution 

Table I gives the figures obtained in 
a preliminary study of cost distribution for 



Fig. 2 (left). 
Number of sub¬ 
scriber lines per 
central office 


Fig. 3 (right). 
Number of in¬ 
teroffice trunks 
per central office 
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systems of REA borrowers compared to 
those of the larger operating companies 
in the telephone industry as a whole. It 
should be noted that data on class-;! and 
•B companies include substantial toll and 
private branch exchange facilities which 
are not appreciable for rural systems. 

Desirable Equipment Developments 

Experience to date in the application of 
the design objectives to specific systems 
has emphasized certain segments of sys¬ 
tem design where equipment development 
would materially assist the job of extend¬ 
ing rural telephone service. Many of 
these have been and are now under study 
by the industry. Some are in the immedi¬ 
ate offing. A few of the more important 
development activities winch, it is be¬ 
lieved would have major benefits are: 

1. The type-500 telephone set has 
minimized exchange transmission prob¬ 
lems so that only the longest subscriber 
lines require special attention from this 
standpoint. However, standard central 
office equipment available to REA bor¬ 
rowers has not been modified to work 
with the resistance values obtained in such 
loops. Extension of central office loop 
limits to 1,500 ohms for reliable operation 
would provide for major economies in the 
outside plant design throughout the 
system. 

2. Subscriber carrier has long been an 
obvious technique in achieving savings in 
outside plant and providing needed flexi¬ 
bility in satisfying demand for service in 
rural areas. Several manufacturers are 
now testing equipment of this type and 
the results of these tests will be of con¬ 
siderable interest to the industry. The 
equipment involved is low in first cost but 
as yet annual costs are unknown. Also, 
most of this equipment necessarily is 
wasteful of frequency spectrum space. 
If it fulfills the needs from cost stand¬ 
points, however, there will be time and 
opportunity to effect improvements m 
this field. If employed extensively, prob¬ 
lems of frequency co-ordination involving 
facilities of separate organizations no 
doubt will arise. In these situations, it is 
hoped that the most economical solutions 
arrived at by engineering studies will be 


employed so that maximum economical 
use of all facilities results. 

3. Plastic-insulated, plastic-sheathed 
cable appears to have a natural field of 
use in rural areas. Its lack of immediate 
sensitivity to moisture is particularly ad¬ 
vantageous to the small operator with no 
skilled cable splicer available. This type 
of cable has, at present, less shielding than 
its counterpart in lead paper. As far as 
lightning protection is concerned, this is 
somewhat offset by higher dielectric 
strength between shield and pairs ob¬ 
tained with the plastic material. For 
noise induction, the low shielding charac¬ 
teristic is of some concern. The industry 
is actively studying this matter and im¬ 
provements in shielding can be expected. 
Splicing techniques generally employed at 
present for this type of cable are not be¬ 
lieved to be entirely satisfactory and im¬ 
provement is needed. This is particularly 
true where splices are made to lead-paper 
cableswhicharemoisture-sensitive. Some 
means of isolating the lead-paper con¬ 
ductors from plastic cable conductors 
moisturewise would be beneficial. Cable 
terminals generally have lead-paper stubs. 
When these are spliced into the plastic 
cable, similar difficulties with moisture 
may occur. Cable terminals with plastic- 
insulated stubs for use with plastic cables 
are an obvious need and are soon to be 
available. The same problem and need 
exists with case-mounted loading coils. 

4. In cables of the smaller number of 
pairs, a relatively high percentage of in¬ 
stalled cost is taken up with the messenger 
and lashing wire. Self-supporting cable 
would appear to offer economies in this 
field. 

5. As mentioned under the section 
entitled “Ringing Systems ” full selective 
ringing for as many as ten parties can be 
achieved at this time with divided con¬ 
nection of ringers. This type of connec¬ 
tion poses problems because of noise con¬ 
siderations. Full selective ringing for 
ten parties without using the ground is 
desirable. 

6. As pointed out in the section en¬ 
titled “Quantitative System Design 
Data,” there are a large number of central 
offices called for in system designs having 
less than 50 lines. For these central of- 

_ _-—♦— --- 


fices conventional designs result in rela¬ 
tively high investment per line. Specially 
designed central office equipment for this 
range of lines would be beneficial. Such 
equipment necessarily would sacrifice 
some features considered mandatory for 
larger offices. It is basic that substantial 
economy in common equipment will be 
required if over-all economy is to result. 
Pole-mounted equipment would appear to 
have advantages relating to savings in 
building and land costs. 

7. In many rural areas the distances 
between central offices and between cen¬ 
tral offices and clusters of subscribers are 
large. Often no pole line exists in the 
area. In such cases point-to-point radio 
appears to have promise. Special equip¬ 
ment is needed for this purpose. 

8. The Plains States of the country 
have areas where the population density 
is extremely low. There is a demand for 
service in these areas but with present 
techniques it is often unfeasible to provide 
service. Since power service usually is 
available in such areas, power-line carrier 
equipment appears to have possibilities 
if problems of initial and maintenance 
costs can be solved. 

9. Rural areas of the nation have a 
demand for telephone service. The loca¬ 
tion of subscribers in relation to existing 
systems and to each other are materially 
different from that existing in urban and 
suburban areas. These differences sug¬ 
gest the need for a completely new look 
at system and equipment design in order 
to provide economical means of rendering 
service in such areas. 
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Discussion 

H. R. Huntley (American Telephone and 
Telegraph Company, New York, N. Y ; ): 
The authors have given an excellent dis¬ 
cussion of the rural problem and I empha¬ 
size their view that good objectives as out¬ 
lined in their paper will ultimately result m 
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better all round service. We in the Bell 
System have similar problems and m general 
solving them in a similar manner. 
However, in a few cases, thedetaibofen^; 
neering involved m carrying out these od 
552 as formulated in this paper differ 
ir some respects from those of the Bell 
Svstem I believe that mention of these 
&U be of interest to the Rural 


Electrification Administration and others 
interested in this paper. 

In the Bdl System, the selection of the 
number and location of central offices in a 
exchange area is generally a problem only 

in the larger cities. Studies which are made 

fo^etermine the central office locations are 
known as “districting studies m Bell 
System nomenclature. 
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In rural areas, the comparable problems 
are usually much simpler as the communities 
have ordinarily been established and the 
choice for each community is between a local 
central office or the extension of service from 
a J arger near "by city.. These choices are 
affected by many factors, including eco¬ 
nomics; but in Bell System such economic 
studies are not known as loop and trunk 
studies. This latter name has in the past 
been associated with outside plant cost bal¬ 
ances covering loops and trunks in large 
cities. Such studies are no longer con¬ 
sidered necessary because of the adoption in 
the Bell System of a new method for the de¬ 
sign of loops. By virtue of the added effi¬ 
ciency of the new 500 type set, we have 
found that using the smallest gauge per¬ 
mitted by signaling and loading, all loops 
over about 18 kilofeet will give adequate 
transmission and eliminate the complicated 
study procedures of the past. 

The matter of extended area with free serv¬ 
ice between central offices is a problem 
which has been given considerable thought 
in the Bell System. Recently new factors 
have come into the picture such as Auto¬ 
matic Message Accounting (AMA) 1 and 
Central Office AMA (CAMA) 1 which are 
expected to have a substantial influence on 
the cost balances between toll charges and 
traffic and commercial costs. 

The intertoll switching network which is 
gradually being adopted as part of the over¬ 


all nation-wide plan of the Bell System is 
also having considerable influence on the 
design objectives of trunks from the toll 
center to the so-called "end office.” In the 
future, all intertoll trunks will be operated 
at via net loss (VNL) requiring that the toll 
link from the last toll center to the end office 
be operated as close to VNL plus 2 db as 
practicable and preferably not over 4 db. 
This objective may not be practicable at 
once in all cases, but with new, cheaper re¬ 
peaters 2 and carrier systems* coming into 
the picture, should be attained within the 
next few years. 

In the Bell System we are finding that 
12 db is somewhat too high an objective for 
interoffice trunks, or, in fact, for any trunk 
not involved in the toll switching network. 
We have worked in the past toward an ob¬ 
jective of 8 to 10 db and have recently re¬ 
duced this objective to about 4 to 6 db for 
the immediate future (say 5 to 10 years). 
Also, we have found in the Bell System that 
a 2,000-ohm limiting loop, even if equipped 
with the new 500 set, would provide some¬ 
what too poor transmission to be considered 
generally satisfactory. With the 500 set, 
we think we should not go beyond about 
1,700 or 1,800 ohms. With regard to "busy 
verification," this feature may be very useful 
for operator toll dialing, but as far as we can 
see is not practicable for inward customer 
dialing sharing the same trunks, and would 
have to be eliminated when this type of 


operation is initiated. Likewise, "full inter¬ 
cept” is highly desirable, but may not be 
essential for operator dialing. However, it 
would be required after customer dialing is 
started and this would tend to discourage 
the use of terminal per line offices, looking 
forward to the future. 

The question of liberality in provision of 
trunks is, of course, an economic one and 
will probably vary substantially between 
areas. Our view is that the objective liber¬ 
ality proposed in your paper; i.e., no more 
than 8 to 5 calls in 100 being delayed, would 
be very desirable particularly for customer 
dial operation, but may not be realized for 
some years because of economic reasons in 
particular cases. 

In closing I wish to comment favorably on 
the very interesting statistical data which 
are provided in the latter part of the paper 
and also the valuable contribution in point¬ 
ing up the needed developments which are 
listed in the last section. 
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S INCE the first successful community 
television system was installed in 
May 1950 at Lansford, Pa., this infant 
industry had made a great advance. At 
present there are some 240 systems pro¬ 
viding television reception to a potential 
audience of several hundred thousand 
people throughout the country. 

This mushroom growth has brought 
with it the development of many new tech¬ 
niques and the need for solving a multitude 
of technical problems. Although some of 
the art is entirely new, the basic technique 
of moving television frequency signals effi¬ 
ciently from one place to another is 
closely allied with long-distance te¬ 
lephony. 

The possibility of a co mmuni ty tele¬ 
vision system exists where a large group 
of people who cannot receive satisfactory 
signals directly are located within a few 
miles of a site where satisfactory recep¬ 
tion is possible. The most obvious case 
is a town shadowed by a mountain, as 
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shown in Fig. 1. The system operator in¬ 
stalls high-gain antennas and sensitive 
receiving equipment on top of the moun¬ 
tain where the signals are relatively 
strong, and distributes them by coaxial 
cable to the homes in the town. Since 
these signals must be delivered to the 
customers on the standard television chan¬ 
nels between 54 and 216 megacycles (me), 
present practice is to select chflnn pls 
most suitable for the system, and to con¬ 
vert the frequencies of the received signals 
wherever necessary to fit this pattern. 
Most of the systems designed by Jerrold 
Electronics Corporation have used chan¬ 
nels 2, 4, and 5 (or 6) because of the lower 
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cable loss on these lower frequencies. A 
7-channel system, with nonadjacent chan¬ 
nels, is possible using channels 2, 4, 6, 7, 
9, 11, and 13. These two cases will be 
considered in this article. Although 
operation of adjacent channels is possible, 
it has not been widely used because of the 
difficulties of preventing interference be¬ 
tween channels, and it will not be con¬ 
sidered. 

This article investigates one of the 
major problems of c ommuni ty system 
design, the choice of suitable amplifiers 
for relaying signals along the main trunk 
line. Three important possibilities are 
considered: 

1. Separating channels frequeneywise at 
each repeater point and amplifying each 
with a separate single-channel cascade 
amplifier. 

2. Separating channels into two groups and 
amplifying those between 2 and 6 with one 
broad-band cascade amplifier and those be¬ 
tween 7 and 13 with another. 

3. Using a single distributed amplifier for 
all channels. 



Fig. 1 . A typical community television 
system 
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Table I. Calculated Maximum Output Voltage of Band-Past Amplifiers 

Assuming Tube with Output Capacity of 5 Micromicrofarads, Output Current of 4.5 Milli- 
amperes Rms, Optimum Output Transformer, and a 72-Ohm Line 


Amplifier 


Channels 


Bandwidth, 

Me 


Output 

Voltage 


Single-channel cascade. 

Low broad cascade.. 

High broad cascade. 

Distributed: 6 tubes per stage. 


.anyone. 6.3.8..... 

. 2-6 . 34 . 1-6 . 

.7-13. 42.1.4. 

..2-13.162.2.2- 


Relative 
Level, Db 


... 0 
...-7.0 
...-8.5 
... -4.9 


Table II. Minimum Input Voltage, Maximum Gain, and Spacing 

Assuming 30-Db Ratio of Picture White to Noise and the Use of RG11/U Cable 


Amplifier 


Assumed 

Noise 

Channel Figure, 
No. Db 


Minimum Maximum 
Input, Output, 
Microvolts Volts 


Maximum 
Gain, Db 


Maximum 

Spacing, 

Feet 


Single channel. 

Single channel. 

Cascade broad-band. 

Cascade broad-band. 

Distributed, 6 tubes per stage.. 
Distributed, 6 tubes per stage.. 


... 6_ 

... 6. 

..500... 

...3.8... 

...13_ 

...10. 

..800... 

...3.8.. 

...2-6.... 

... 8. 

..600... 

...1.6.. 

. .7-13.... 

....10. 

..800... 

...1.4.. 

. .2-6. 

.... a. 

..500... 

...2.2.. 

...2-13.... 

....10. 

..800... 

...2.2.. 


....77 

5. 

....73 

5. 

....69 


....65 


....73 


....89 

. 


. .3.950 
,.2,300 
..3.500 
..2,030 
..3,700 
... 2,100 


A number of the factors affecting this 
choice are developed, basing the calcula¬ 
tions on reasonable but somewhat simpli¬ 
fied assumptions. As is often the case 
with investigations of this type, this one 
is a little late. Several years of experi¬ 
ence have established the single-channel 
amplifier as the best choice in a large 
majority of the existing systems. How¬ 
ever, a theoretical investigation will serve 
to show some of the reasons for this choice 
and will indicate conditions under which 
it might not be valid. 

Factors Limiting Allowable Spacing 
Between Amplifiers 

Maximum spacing between the line 
amplifiers is desirable because it mini¬ 
mizes the number of points that must be 
made accessible for maintenance and the 
number of power-line connections. Maxi¬ 
mum spacing is obtained by reducing 
cable loss to a minimum and utilizing the 
maximum possible amplifier gain. 

Cable Loss 

Cable loss is an inverse function of cost, 
more expensive cables with more copper 
giving the lowest loss. In practice, the 
cable used has been selected to give the 
best compromise between cable cost, 
equipment cost (which decreases as better 
cables are used) and maintenance. In 
a majority of installations RG11/U cable 
is used for the trunk line. Over diffi¬ 
cult terrain where accessibility is a major 
problem more expensive cables such as 
JR.G35/ U have been used. 

In the attempt to increase the spacing 


between amplifiers, amplifier gain cannot 
be increased indefinitely. A limit is set 
by the necessity that the signal level at the 
input to each succeeding amplifier shall 
safely override the noise of that amplifier. 
Maximum spacing is obtained by making 
the amplifier output level as high as cir¬ 
cumstances permit and obtaining the best 
possible noise figure in the input stage. 

Output Voltage 

In a single-channel amplifier handling 
a picture carrier and its associated sound 
carrier, the output voltage into the line 
can be increased to the point where the 
video signal cross-modulates the sound. 
This is manifested as 60-cyde amplitude 
modulation of the sound carrier and it pro¬ 
duces ann oying buzz in receivers which are 
mistuned or which have inadequate lim¬ 
iters. In broad-band amplifiers handling 
several channels the limit on output volt¬ 
age is set by cross-modulation between 
picture signals. This becomes serious at 
somewhat lower levels than those giving 
sound buzz and it results in moving bar 
patterns (windshield wiper effects) on 
the received pictures. 

It is present practice in amplifiers for 
community systems to use small receiving 
tubes, chiefly 6AK5 or 6CB6, throughout. 
The output stage is a single tube operated 
class A. With these limitations the out¬ 
put voltage into the cable depends pri¬ 
marily on the bandwidth requirements 
and on the efficiency of the output cou¬ 
pling network. 

Table I shows the calculated maximum 
output voltage into a 72-ohm cable ob¬ 
tainable from the commonly used ar¬ 


rangements, assuming about 5-per-cent 
intermodulation and a tube with approxi¬ 
mately the characteristics of a 6AK5 or 
6CB6. See Appendix I for method of 
calculation. The figures are optimistic 
in that they assume a lossless output cir¬ 
cuit of optimum design, a condition which 
is ea sier to approach in broad-band cir¬ 
cuits. Also, they disregard the reduction 
in allowable level per channel when a 
number of channels are present in the 
output of a broad-band amplifier. This 
condition does not apply to single-chan¬ 
nel amplifiers. 

Input Voltage 

The lowest input voltage which may 
be permitted into a line amplifier depends 
on the noise figure of the amplifier and on 
the lowest permissible signal-to-noise 
ratio. The minimum input-voltage 
figures in Table II have been calculated 
from the noise figures shown, based on a 
noise bandwidth of 5 me and a ratio of 30 
decibels (db) between noise and white 
level in the picture signal. By dividing 
these input voltages into the maximum 
output for each type of amplifier, the 
mflYtmiim possible gain is found. The 
cable loss between amplifiers must equal 
the amplifier gain, so the gain figures have 
been used to calculate maximum ampli¬ 
fier spacing. The use of RG11/U cable 
is assumed. 


Gain Variations Caused 

by Tubes 

The operation of a repeater system de¬ 
pends on a critical balance between two 
factors, cable loss and amplifier gain. 
Variations from normal in either require 
means to readjust levels, and sufficient 
fKfppg gain to allow system operation 
when cable loss is at its maximum and 
amplifier gain at its minimum. Even 
worse, these variations subtract from the 
allowable loss between amplifiers. As¬ 
sume, for example, amplifiers with a 
spread of 60 db between minimum per¬ 
missible input and maximum output. If 
signal level, amplifier gain, and cable loss 
were all constant, these amplifiers could 
be spaced 60 db apart on the cable. A 
variation in any one of these three means 
that the amplifier spacing must be re¬ 
duced accordingly. A signal variation of 
10 db would require reducing the spacing 
to 50 db of cable, with corresponding gain 
reduction in the amplifiers, to prevent the 
signal from varying beyond the limits set 
by the input and output circuits. 

The worst source of fluctuations in a 
system, except for fading of received sig¬ 
nals, is the change in tube gain caused by 
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Fig. 2. Gain reduc¬ 
tion caused by re¬ 
duced mutual con¬ 
ductance 


variations in mutual conductance. This 
results from supply voltage changes and 
from aging, and can be minimized by 
regulating supplies and by periodic re¬ 
placement of failing tubes. Even with the 
best design and maintenance, it remains 
a major source of trouble. 

A striking fact, and one of great ini— 
portanee in system design, is that tube 
variations cause less trouble in high-gain 
stages than in low-gain stages. This re¬ 
sults from the fact that a given per-cent 
change in mutual conductance changes 
the gain of a stage by the same number 
of db, regardless of the stage gain. In 
Fig. 2 this effect is demonstrated by plot¬ 
ting amplifier gain reduction, measured 
in db per 100 db of initial gain, against 
the gain per stage. Note that amplifiers 
with gains of 20 db per stage or more are 
quite insensitive to variations in mutual 
conductance, whereas those with gains 
below 10 db are subject to much greater 
trouble from this source. 

Fig. 3 shows an experimental check on 
this. The gain of each of two amplifiers 
was measured, and the line voltage was 
varied over the range from 125 down to 
100 volts, using unregulated power sup¬ 
plies. The broad-band amplifier, which 



had a gain of about 5 db per stage, suf¬ 
fered a reduction of more than 17 db per 
100 db of initial gain, while the single¬ 
channel amplifier, with a gain of about 15 
db per stage, had its gain reduced less 
than 5 db per 100 for the same reduction 
in line voltage. The amplifier with the 
higher stage gain would be similar ly 
insensitive to any other factors tending 
to change the individual tube charac¬ 
teristics, such as aging and tube replace¬ 
ment. 

The amplifier types being considered in 
this article can be compared in regard to 
their susceptibility to tube changes by 
calculating the stage gains to be expected. 
The results of these calculations are 
shown in Table III. They assume a 
gain-bandwidth product of 200 me for 
the cascade amplifiers, and of 100 me 
multiplied by the number of tubes per 
stage in the distributed amplifier. See 
Appendix II for method of calculation. 

Control of Cumulative Effects on 
Long Systems 

Level Variations 

It is an axiom of repeater system design 
that amplifier performance requirements 
become increasingly difficult to meet as 
the length of the system is increased. 
One of the hardest requirements to meet 
is that of gain constancy. It is possible, 
by careful design and maintenance, with 
the use of regulated supplies, to hold the 
gain of single-channel amplifiers within a 
tolerance of perhaps ±3 db per 100 db of 
gain. This means that the level at the 
end of a 500-db system (about 5 miles of 
RG11/U) would vary over a 30-db range 
as a result of this alone. A further source 
of variation which can give trouble on 
long systems is the change of cable at¬ 
tenuation with temperature. The chief 
cause of this change is simply the change 
in the conductivity of the copper conduc¬ 
tors. 



Fig. 4. Calculated change in cable attenu¬ 
ation with temperature 


Fig. 4 shows the calculated relation be¬ 
tween cable attenuation change and tem¬ 
perature, based on the change of copper 
conductivity. See Appendix III. This 
curve indicates that normal day-night 
temperature changes of the order of 20 
degrees Fahrenheit are sufficient to ac¬ 
count for attenuation changes of 2 db per 
100, which is enough to cause trouble on 
a long system. 

The most effective tool for combating 
these gain and loss variations is the use 
of automatic gain control. This operates 
to hold the output level of the controlled 
amplifier almost constant for wide varia¬ 
tions in input. By using automatic gain 
control at frequent intervals along the 
system (present practice in Jerrold- 
engineered systems is to control every 
third amplifier), gain variations are 
canceled out before they can accumulate 
to give trouble. As long as the ampli¬ 
fiers between controlled points are con¬ 
servatively spaced so that they can toler¬ 
ate their own gain variations and those 
caused by intervening cable, such a sys¬ 
tem can be extended indefinitely without 
trouble from gain variations. 

While automatic gain control is rela¬ 
tively easy to apply to a single-channel 
amplifier, it is difficult to find a satisfac- 


Table III. Calculated Gain per Stage and 
Gain Variability 


Amplifier 

Gain per 
Stage, Db 

Gain Reduction 
for 10-Per-Cent 
Reduction in Gm, 
Db per 100 

Single channel. 

...30.4... 


Cascade broad-band 


channels 2 to 6... 

...15.4.... 


channels 7 to 13.. 

...13.0.... 


Distributed am- 


peres, 6 tubes 
per stage, chan¬ 
nels 2 to 13.. 

...11.4.... 
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Fio 5 Calculated change in attenuation with temperature per mile of 
9 ‘ ‘ RG 11/U 


Fig. 6. Loss versus Frequency for 2,000 feet of defective RG 11 fU 

cable 


- 0 ry way of controlling a multichannel 
anit. The relative levels of the various 
channels change, so controls based on 
any one channel are apt to allow noise 
or overload on other channels. Con¬ 
trols which respond to total voltage due to 
all channels are apt to be taken over by 
a strong channel, driving the others into 
the snow” (i.e., reducing signal level 
below noise). 

Perhaps the most workable solution is 
to break the system into separate chan¬ 
nels at each point where automatic gain 
control is used, but in cases where this is 
practical, it is generally more satisfactory 
to use single-channel amplifiers through¬ 
out the system. 

Frequency Response Variations 

In multichannel amplifiers of the type 
used for community television the inter¬ 
stage networks are broadly tuned to 
cover wide bands. For this reason there 
is little difficulty in keeping the response 
over any one channel sufficiently flat to 
prevent frequency discrimination in the 
picture. The problem with multichan¬ 
nel amplifiers is to keep the wide-band re¬ 
sponse flat enough to prevent variations in 
the relative levels of the various channels. 
If this is not done, troubles caused by 
gain variation are exaggerated and auto¬ 
matic gain control is made impossible. 
Since cable attenuation varies with fre¬ 
quency, it is necessary to correct the 
amplifier response for this, to keep the 
total response uniform. This is com¬ 
monly done with cascade amplifiers by 
aligning them with the correctly tilted 
response, and with distributed amplifiers 
by using a correction network which in¬ 
serts additional loss at the lower fre¬ 
quencies as required to eliminate the tilt. 
Both schemes depend on agreement be¬ 
tween the cable tilt in one direction and 
amplifier, or network, tilt in the other. 


Any variation in cable attenuation slope 
will upset this relation. Unfortunately, 
the attenuation curve of various samples 
of cable varies considerably; and the at¬ 
tenuation curve of any one piece of cable 
is affected by temperature. Fig. 5 shows 
the variation from nominal attenuation 
over the frequency range of interest for 
temperature extremes to be expected. 
This is based on the curve shown in Fig. 4. 
Since the effect of temperature depends 
on the initial loss, it is greater at high fre¬ 
quencies where the initial loss is high 
than at low frequencies where it is lower. 
Thus, wide temperature changes intro¬ 
duce a tilt in the frequency response which 
is difficult to take into account in system 
design. 

In single-channel amplifiers the level 
variations between channels, caused by 
cable characteristics, are corrected by 
the automatic gain controls; and a much 
less stringent requirement, that the re¬ 
sponse be maintained flat on each indi¬ 
vidual channel, controls the design of the 
system. Cable response does not usually 
vary enough over any one channel to 
give trouble; however, defects in cable 
manufacture occasionally cause severe 
irregularities. 

Fig. 6 shows the frequency response of 
a reel of cable rejected as unsuitable for 
community work, for a reason which is ap¬ 
parent from inspection of the curve. An 
unf ortunate periodic effect in the manu¬ 
facture of this particular piece of cable 
resulted in a response some 50 db below 
normal, in the middle of. a channel. 
Fortunately, this kind of thing does not 
often happen, but it is enough of a hazard 
to make it highly desirable to check the 
frequency response of each piece of cable 
to be used in a community system before 
it is installed. 


Generally, it has been found possible to 
hold the frequency response curves of in¬ 
dividual channel amplifiers sufficiently 
flat in production to prevent cumulative 
response troubles. In cases where ex¬ 
tremely long runs are necessary (more 
t fran 10 miles is considered “extremely 
long” in the present state of the art) or 
where superlative performance is desired 
on shorter systems, it has been found quite 
practical to align each amplifier in place 
in the system, using a sweep-frequency 
generator at the antenna site, thus can¬ 
celing out any irregularities and obtain¬ 
ing relatively flat curves throughout the 
system. 

Fig. 7 shows typical response curves 
obtained on a system aligned in this 
fashion. It may be observed that there 
is almost no cumulative deterioration of 
the system response as additional re¬ 
peaters are added. 

AyrinimiTin^ the Number of Tubes in 
a System 

If the attempt is made to design a sys¬ 
tem for minimum cost, minimizing the 
number of tubes of a given type would 
appear to be a reasonable approach. 
The theory involved in this approach is 
quite simple, and the results clarify im¬ 
portant factors affecting the choice of 
amplifiers. 

Requiring maximum channels with 
minimum tubes of the individual ampli¬ 
fier stage has the effect of creating a figure 
of merit for the stage which is the product 
of the stage gain, in db, by its bandwidth 
in me. This may be called the “db gain- 
bandwidth product” to distinguish it 
from the more familiar voltage gain- 
bandwidth product. For a given tube 
type and coupling network and certain 
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simplifying assumptions, the latter prod¬ 
uct is a constant. Since db gain is re¬ 
lated to the logarithm of voltage gain, this 
means that the db gain-bandwidth prod¬ 
uct, is a variable depending on band¬ 
width. 

Fig. 8 shows this product plotted 
against bandwidth for single-tube cas¬ 
cade amplifier stages, assuming a volt¬ 
age gain-bandwidth product of 200 me, 
and for distributed amplifiers with various 
numbers of tubes per stage, assuming a 
voltage gain-bandwidth product of 100 
me multiplied by the number of tubes per 
stage. The product is divided by the 
number of tubes in a stage in each ras* 
to permit direct comparison. Each curve 
reaches its maximum at the bandwidth 
where the gain per stage has the optimum 
value of 8.7 db, or 1 napier. 

With these assumptions it is apparent 
that the cascade amplifier is more effec¬ 
tive for bandwidths less than about 160 



me, the distributed circuit being more been assumed to be just great enough in 
effective at greater bandwidths and pro- each case to overcome cable loss at the 

viding the only possibility of gain for highest frequency to be amplified, 

bandwidths of more than 200 me. The cascade broad-band amplifiers 

Conclusions drawn from these curves show up well on this basis because their 
cannot be applied to the community tele- bandwidths fall near the optimum value, 

vision problem without reservations. and each band is well filled with useful 

Obviously, added bandwidth in an ampli- channels. The distributed amplifier suf- 

fier is desirable only when it adds a use- fersfrom a lower voltage gain-bandwidth 

ful channel. An amplifier would require product, per tube, and from the fact, in 

a bandwidth of 34 me to pass channels 2, the case of the seven-channel system, that 

4, and 6; or 42 me to pass 7, 9,11, and 13. it amplifies a wide band between 88 and 

Adding bandwidth in either case to reach 174 me where there are no channels. 

73 me, the optimum according to the Dividing the figures in Table IV for 
curve, would serve only to decrease the number of tubes per mile by the number 

gain per stage for the desired channels, of channels in each case gives an informa- 

with no compensating advantage. tive result, the number of tubes per chan- 

A more realistic approach to the prob- nel-mile. This figure allows a compari- 

lem of system economy involves finding son between systems having different 

the number of tubes required per mile of numbers of channels. It will be noted 

cable for each amplifier type and channel that the 7-channel system shows greater 

arrangement. Table IV shows the re- tube requirements on this basis, reflecting 

suits of these calculations, assuming am- the inefficiency of distributing signals on 

plifier types with the gain characteristics the higher frequencies where cable loss is 

shown in Fig. 8. The amplifier gain has increased. 


Table IV. Tubes Required per Mile of RG 11 fU 


Conclusions 



Tubes 
per Mile 

Tubes per 
Channel-Mile 

3-channel system using channels 2, 4, 6 

Cascade 54-88 me amplifier. 



3 single-channel amplifiers. 

. 

. 0 3 


Distributed 54-88 me amplifier (2 tubes per stage)... 
7-channel system using channels 2, 4, 6, 7, 9, 11, 18 

Cascade 54-88 me amplifier plus 174-218 me amplifier 

7 single-channel amplifiers.... . 

.19.8. 

. 31 3 

.2.8 

Distributed amplifiers (54-216 me, 4 tubes oer stage) 

.54.0. 



Table V. 

Summary of Performance Characteristics 


Numerals Indicate Order of Preference in Regard to Each Characteristic 


Performance 

Characteristic 

Single-Channel 

Amplifier 

Cascade 

Broad-Band 

Distributed 

Broad-Band 

Output voltage. 

Input voltage. 

Spacing along cable. 

Gain variation... 

Use of automatic gain control.. . 
Control of frequency response . 
Economy of tubes. 



.2 

.2 

- .3 

.2 

.3 

. 3 


Table V summarizes the various fac¬ 
tors discussed in this article, as they affect 
the choice between the three basic types 
of amplifier suitable for line amplifiers in 
community television syst ems . Over¬ 
whelming evidence favors the single¬ 
channel amplifier. Using the same tube 
types, and making other reasonable as¬ 
sumptions, it has been shown that this 
type is capable of greater output voltage 
and that it requires no greater input volt¬ 
age than other types, and thus it allows 
greater spacing between amplifiers with 
a given cable. Since it has higher stage 
gain it is less susceptible to gain varia¬ 
tions caused by tubes. Automatic gain 
control may be used much more readily 
with single-channel amplifiers, and they 
allow simple correction of frequency re¬ 
sponse variations affecting relative levels 
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between channels, as well as those affect¬ 
ing the individual channel. In regard to 
tube economy, the cascade broad-band 
amplifier is superior to the single-channel 
type. It should be noted that all the 
other factors are of increasingly greater 
importance as the system is extended, so 
that on small systems, where cable runs 
are short and there are few repeaters, the 
increased economy of the cascade broad¬ 
band amplifier over the other types may 
make it the better choice. The same 
reasoning justifies the use of cascade 
broad-band units for distributing the 
signal at points where taps are taken off 
the trunk line. 

Appendix I. Calculation of 
Output Voltage of Band-Pass 
Amplifiers 

The following assumptions are made: 

C P (output capacity of tube) = 5 micromicro¬ 
farads 

Rl (load resistance) =72 ohms 
22i=load voltage (rms) 

I p (maximum variation in plate current) 
=4.5 milliamperes rms. (This figure 
was obtained graphically from tube 
characteristic curves for 6AK5 and 
6CB6, and represents plate current 
swing at 5-per-cent intermodulation 
point.) 

E„= plate voltage variation (rms) 

The output transformer is assumed to con¬ 
sist of a band-pass filter with characteristic 
resistance Ro and Cp as a full shunt arm fol¬ 
lowed by a loss less transformer matching 
2?o to Rl. BW (bandwidth for flat re¬ 
sponse) =0.9/c (cutoff frequency of filter). 

For a Single-Tube Output Stage 


** irfcCp icBWCp 

0.9 Ip 

Ep—Ip R o= vBWCv 


.(4.5)10-*J- 


(72).0.9 

(5PF')5(10 -1 *) 

9.2 

= VBWn 


Appendix II. Calculation of 
Voltage Gain-Bandwidth 
Product 

Assume: total interstage capacity Ct = 14 
micromicrofarads,* mutual conductance Gm 
= 5,000 micromhos; 4-terminal interstage 
in the form of a band-pass filter with char¬ 
acteristic resistance Ro and C%/2 as full 
shunt arm, response bandwidth BW equal 
to 0.9 of the filter cutoff frequency f e . 

For Cascade Stage 

m Gm 

Gain per stage -GmRo’* 


Discussion 


/ n\ 9.2 4J 

\2 ) VBW mc = s/BWn 


0.9 Gm 
\BWC t /2 


Gain X bandwidth 


tcCt/2 

0.9X6,000X10- 

xX7X10" ls 


« 200 me 


For the Output Stage of a Distributed 
Amplifier 

The output current of each tube splits 
two ways, one half flowing in the output 
load. For the same bandwidth the band¬ 
pass filter will have the same constants as 
those previously mentioned. With n tubes 
the total plate current swing will be (n/2)I P . 
Thus the load voltage will be 


For Stage in a Distributed Amplifier 

The plate current of each tube splits two 
ways, so one half flows into load resistance of 
filter. With n tubes in a stage the gain is 
»/2Xcascade stage gain. 

Thus gainXbandwidth=(»/2)X200 me 
= 100 n me. 


Appendix III. Calculation of 
Change in Cable Attenuation 
with Temperature 

Neglecting dielectric losses, 1 the cable 
attenuation A is proportional to the total 
radio-frequency resistance of conductors Rac- 
Since the radio-frequency resistance of a 
cylindrical or tubular conductor is propor¬ 
tional to the square root of the resistivity* 
for fixed geometry 

A °C Rac, Rac * s/Rdc, SO A « V Rdc 
but 3 

Rdc [1+0.00393( T 20) ] 

where 

R m =dc resistance at 20 degrees centigrade 
T=temperature degrees centigrade 

A = - J — = V [1+0.00393( T- 20)] 

A 20 i Rm 

Attenuation change in db per 100 db of 

[ A 1 

initial attenuation = 1001 11 

= 100 [\/H-0.00393(r-20)-l] 
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Lester C. Smith (Spencer-Kennedy Labo¬ 
ratories, Inc., Cambridge, Mass.): We have 
found the article on line amplifiers for com¬ 
munity television systems very stimulating. 
However, since the paper is based quite 
•largely on hypothetical theoretical consider¬ 
ations and since several of the assumptions 
are never encountered in practice, we be¬ 
lieve that the reader may be seriously misled 
by some of the conclusions. 

The one important assumption, upon 
which many of the conclusions are based, is 
that single-channel amplifiers can be made 
which have gains of 30 decibels per stage. 

It is true that, if one neglects the input and 
output conductances of a tube, one could in 
theory secure a gain of this order of magni¬ 
tude. In practice, input and output con¬ 
ductances resulting from electron transit 
time and electrode lead inductances are 
quite serious at these frequencies. In addi¬ 
tion, stable single-channel amplifiers, which 
maintain their adjustment for a reasonable 
period, must have additional capacitance at 
the tube electrodes, with the result that no 
single-channel amplifiers are being produced 
which have stage gains exceeding approxi¬ 
mately 15 decibels; the better quality units 
have gains of approximately 10 decibels, a 
fact which may be verified by examining 
the bulletins of manufacturers of this type 
of amplifier. Because of the special char¬ 
acteristics of broad-band distributed or 
''chain” amplifiers, excellent stability is ob¬ 
tained without added capacitance at the 
tube electrodes; and amplifiers which have 
gains of 10 decibels per stage are found to be 
thoroughly practical and dependable. 

Since the two types of amplifiers now 
being produced have approximately the 
same gain per stage, the gain stability of the 
single-channel type is no better than that 
of the distributed type. The figures in 
Table III and the curves in Figure 3 are 
therefore misleading. Likewise, the data in 
Table IV are not true in practice since, for 
example, the tubes per channel-mile for a 
7-channel system would be approximately 
18 for the single-channel amplifier and ap¬ 
proximately 15.5 for the distributed or chain 
amplifier. 

The output levels which the authors de¬ 
duced and reported in Table I are also mis¬ 
leading because, even in the case of the 
single-channel amplifier, cross-modulation 
between picture and sound carrier would be¬ 
come intolerable in a system of moderate 
size unless the signal were at much lower 
levels than that assumed in the article. In 
practice, operators of single-channel systems 
have found it necessary to operate with 
signals 20 db lower than are given in this 
article. (We should like to add that the 
ma ximum output per channel for a distrib¬ 
uted amplifier, when carrying seven chan¬ 
nels, is also approximately 20 db less than 
the figure the authors used.) 

Another important factor neglected is 
the build-up of tube noise in a cascade of 
amplifiers such as is used in a community 
television system. Basic theoretical work, 
indicates that optimum performance is ob- 
, tained when amplifier gain is quite small, so 
that the signal level at the input to each 
amplifier is far above the noise level. The 
optimum input signal level depends upon 
the length of the system but, in any case, it 
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is very many db higher than that assumed 
by the authors. 

As a consequence of the fact tha t allow¬ 
able output levels are approximately 20 db 
lower than quoted in this paper, and desir¬ 
able input levels are 10 to 30 db higher 
than the figures in the paper, the optimum 
gain for an amplifier, whether single-channel 
or distributed, is in the 20- to 40-db region 
and not in the 60- to 80-db region given in 
Table II. Since the paper was largely theo¬ 
retical, I will not mention the many prac¬ 
tical advantages which we have found the 
distributed or chain amplifier to possess. 


K. A. Simons, Don Kirk, and H. J. Ar- 
beiter: The authors appreciate Mr. 

Smith’s interest in the paper. Perhaps 
the most adequate response to his criticisms 
of the theoretical approach used in the paper 
is the inescapable fact that our conclusions 
agree with experience gained in the installa¬ 
tion of nearly 240 successful community 
antenna systems. We admittedly simpli¬ 
fied our initial assumptions in the attempt 


to establish goals for future design, rather 
than merely to catalog the limitations of 
present equipment. This approach has 
proved to be both informative and useful. 
Since the article was written, we have be¬ 
gun producing amplifiers (for our new 5- 
channel system) capable of nearly a 20-db 
gain per stage and output voltage in excess 
of 1.5 volts. There is no reason to believe 
that progress will stop here. 

The single-channel curve in Fig. 3 was 
measured on an early sample of one of these 
amplifiers. It is interesting to note that 
these curves, labeled misleading by Mr. 
Smith are plots of careful measurements on 
production model amplifiers! In fact, re¬ 
cent measurements of the variation of gain 
with line voltage on a commercial distrib¬ 
uted amplifier indicate that its performance 
agrees almost exactly with the multichannel 
curve on Fig. 3. 

Actually none of this discussion has 
touched on what we feel to be the most vital 
factors affecting the choice of amplifier 
types. As indicated in the conclusion of 
our paper, the problem naturally divides 


into two major cases as follows: 

1. Long systems (of more than 5 miles or 
so), in which the difficulty of maintaining 
constant level and flat frequency response 
after many repeaters overrides all other 
considerations. Because a single-channel 
amplifier allows simple automatic gain con¬ 
trol for constant level, and simple align¬ 
ment for flat frequency response, we are 
firmly convinced that it is the unqualified 
choice for this application. 

2. Short systems, in which there are few 
repeaters. In this case cost is the control¬ 
ling factor, and the best system is the one 
with the fewest tubes per channel-mile. 
From this standpoint both theory and prac¬ 
tical tests indicate the cascade broad-band 
amplifier to be at least twice as good as the 
other types. 

Although we are fully conscious of the 
outstanding advantages of the distributed 
amplifier, particularly where extreme band- 
widths are required, we are not convinced 
that it has application in community an¬ 
tenna systems. 


Design Considerations of the Half-Wave 
Bridge Magnetic Amplifier 
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A N improved magnetic servo ampli¬ 
fier utilizing half-wave bridges in 
cascade has been extensively used in in¬ 
strument-type servos designed at the U.S. 
Naval Ordnance Laboratory. The speed 
of response inherent in a magnetic ampli¬ 
fier of this type has made possible the ap¬ 
plication of conventional compensation 
and stabilization techniques. 1 The re¬ 
sult is dynamic servo performance charac¬ 
teristics fax exceeding those of previous 
magnetic-amplifier servo systems employ¬ 
ing magnetic amplifiers using full-wave 
circuitry. 

In a previous article 2 the basic half¬ 
wave circuit was described along with in¬ 
formation to permit construction of a 60- 
cyde and 400-cyde servo amplifier to 
demonstrate its advantages. The spe- 
dfic amplifiers therein described did not 
represent optimum design nor were con¬ 
siderations to achieve op timum design 
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discussed. It is the purpose of this 
paper to describe the operation in such a 
manner that optimum design and per¬ 
formance of this circuit can be approached. 

Description of Half-Wave Bridge 
Magnetic-Amplifier Circuit 

The half-wave bridge circuit is shown 
in Fig. 1. The windings JVi and N s are 
the power windings on one reactor while 
Nz and N* are power windings on the 
second reactor. These two reactors 
make up the bridge. The windings iVr, 
and Nr t are the reference, or reset, wind¬ 
ings on each reactor. Their purpose is to 
reset a predetermined flux level during 
the control half-cycle when conduction is 
prohibited in the power windings by 
rectifiers Rx t to R Xi . Control of the 
bridge is effected by a signal on the con¬ 
trol windings N Ci and iVe,. In Fig. 1 all 
windings having an odd subscript are 
common to one reactor while all windings 
with an even subscript are common to 
the other. 

Briefly, the operation of. the bridge is 
as follow’s. Under zero signal conditions 
the bridge stays balanced, because during 
the half-cycle (the reset half-cycle) when 


rectifiers Rx, and Rx t conduct, the flux 
change from saturation in each reactor, 
produced by voltage across windings N Tl 
and Nri, is the same. As a result, during 
the next half-cycle (the operating half¬ 
cycle) when rectifiers R Xl to Rx t conduct 
both cores reach saturation at the same 
time, maintaining zero load current. 
With the application of a signal across 
the differentially connected control wind¬ 
ings N Cl and N et , a differential flux is es¬ 
tablished between the cores in the reset 
half-cycle. This difference in flux causes 
the cores to reach saturation at different 
times during the next operating half¬ 
cycle. During the time interval when 
one core is saturated and the other is 
unsaturated, the bridge is unbalanced, 
giving current flow in the load. The 
direction of the resultant load current is 
determined by the polarity of the con¬ 
trol signal. 

Because of the direction of the recti¬ 
fiers, conditions during the operating 
half-cycle are entirely different from those 
during the reset half-cycle. These two 
periods of operation must therefore be 
considered separatdy. 

The Operating Half-Cycle 

If output is to be obtained during a 
given output half-cycle, the bridge must 
go into this period with a given difference 
A<J> in the reset flux of the cores. This 
difference is established by the action of 
the control windings. If core material 
having a rectangular hysteresis (B-H) 
loop and small coercive force is used, 
practically all the line voltage appears 
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Fig. 1 (left). Half-wave 
bridge magnetic-amplifier 
circuit 
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across the reactors as long as they are 
unsaturated. Thus, at the beginning of 
the output half-cycle, the flux in both 
cores increases at the same rate until one 
of the cores saturates. There still re¬ 
mains the initial difference flux A<j> to 
be changed in the other core before it 
saturates. During the interval between 
the time of saturation of the first and 
second cores, power is delivered into the 
load. The equivalent circuit of the 
bridge during this interval is shown in 
Fig. 2. When the control circuit has 
been properly designed, by the criterion 
to be given subsequently, the current in 
the power winding of the unsaturated 
reactor is negligible compared to the load 
current. Thus, by simple voltage divi¬ 
sion it is seen from this figure that 


Rz.-\-Rf 

e, ~RL+R.+2R f 8 

(1) 

Rle 

Hm ‘RL+R,+2Kf ' 

(2) 

where 



e, ** instantaneous voltage across one un¬ 
saturated winding 
vi * instantaneous load voltage 
instantaneous supply voltage 
/<*,«* load resistance . 

^/—saturated resistance of one load wind¬ 
ing plus forward resistance of its 
rectifier 

J?,* supply source resistance 

To simplify this analysis the imped¬ 
ances are assumed to be resistive in 
nature. For highly rectangular B-H loop 
core materials, such as Orthonol, the in¬ 
ductive component of the unsaturated as 
well as the saturated impedance is negli¬ 
gible. 3 

If the time h at which the first core 
saturates is known, the time h at which 
the second core saturates is fixed in ac- 


v # « VjSInwt 


Fig. 2 (right). Equivalent 
. R b circuit of half-wave bridge 
with one reactor saturated 


From equations 1 and 3 we have 


/ R f +RL ' 

\R s +R l +2R/ 


M 


Since current flows through the load 
during the interval h<t<h, the average 
load voltage is 

Vl=~ f viM (S) 


-i£ 

From equations 2 and 5 we have 

VlS= 2~Xrl+R»+2r) f h V,dl ^ 

Dividing equation 6 by equation 4 and 
solving for V Ll we obtain 




+ *-~ V L—►“ 


I + 
's g e s 

h 


The Reset Half-Cycle 

From equation 7 it is seen that for 
given operating half-cyde conditions 
•maYrmirm gain is obtained when A<j> is a 
■mflyimum for a given control signal. 
This signal will come from a control 
source connected directly to the control 
windings of the bridge. These control 
windings present an impedance Z which 
is determined by the impedances re¬ 
flected into the magnetic circuit of the re¬ 
actors. T his is shown schematically in 
Fig. 3. 

When the reactors have a rectangular 
B-H loop core material, the impedance 
Z, dining that portion of the reset half- 
cyde when both reactors are unsaturated, 
can be shown to be 4 

Z=KN e * W 

with 


This is the gain equation in terms of the 
equivalent circuit during the operating 
half-cyde. 

From this expression several condu- 
sions may be drawn. First, the gain is 
proportional to the number of power 
winding turns N„. However, it should be 
pointed out that R , contains the resistance 
of the power windings; hence, increasing 
N t also increases Rf. Rf also contains 
rectifier forward resistance. If Rf is 
gmfl.11 compared to i?£, the gain is rda- 
tively unaffected by load resistance. 
Since R s does not appear in this expres¬ 
sion, the gain is not affected by power 
source resistance. Although it appears 
that the gain is a function of frequency, it 
must be kept in mind that A <f> is a volt¬ 
time integral which occurs during the 
reset half-cyde. In this integral l/« is 

the time scale-factor; consequently, the 
product wAis independent of conditions 
on the operating half-cyde. 


N r * , 0 NS & 

R„ +2 Rr 
where 

jV r s= number of reset turns 
iV,= number of turns on one power winding 
Rj )—reset circuit resistance 
jfcftxs reverse resistance of one power-circuit 
rectifier 

It is seen that the factor K is twice the 
impedance reflected into a 1-turn winding 
from the reset and power circuits. It 
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Fig. 3. Equivalent circuit of half-wave bridge 
input and control source 




should be noted that the coercive force 
of the reactors does not appear in equa¬ 
tion 9. However, the reset resistance 
Rj, is determined primarily by the coer¬ 
cive force and the desired firing angle of 
the bridge; hence, the coercive force is 
implicit in this expression. 

From equations 8 and 9 it is evident 
that the impedance of the control circuit 
is a linear resistance during the time when 
both reactors are unsaturated. Conse¬ 
quently, the instantaneous voltage across 
the control windings is, from Fig. 3 



e c 


KN e * 


Ve 


Rt+KN e * 

By Faraday’s law 


( 10 ) 


Fig. 4. Effect of reduction of reset winding 
turns 


“•if 


efdt 


where t 3 <.t<k is the interval during which 
the control voltage is producing flux 
change and A</> is the flux difference pro¬ 
duced in the reactors which it is desired 
to maximize. For the voltage e c of equa¬ 
tions 10 and 11 to be the same, the in¬ 
terval t 3 K.t<ik must be the interval during 
which both reactors are unsaturated. In 
the general case both of the times h and 
k will vary with control voltage v e . 
However, the changes from the values for 
quiescent conditions (» c = 0 ) are small ; 
consequently, the error introduced by the 
assumption that the interval t 3 <t<k is 
constant and equal to the quiescent value 
is negligible for a sizable range of input 
signals. The magnitude of this is depend¬ 
ent on the wave form of the control volt- 
a § e *c> i.e., if v e is a pulse occcurring 
within the interval t 3 <t<k, this error is 
zero. 

With the assumption that the control 
interval t 3 <.t<.k is invariant with condi¬ 
tions in the control circuit, substitution of 
equation 10 into equation 11 yields 


Atf>- 


KN e 

'R*+KN e *J t Vedt 


From equation 14 it is seen that for 
A^max to be large, N e should be small. 
From equation 13 it is seen that to make 
N c small, K must be large and R e small. 
K is by definition the impedances re¬ 
flected into the magnetic circuit. These 
impedances are composed of two compo¬ 
nents : the resistance of the reset circuit, 
and the reverse resistance of the power 
rectifiers. To insure that K be large, 
it is immediately seen that the coercive 
force H e of the core material should be 
low to maintain a high reset resistance 
Ri>- It is also important that the reset 
circuit be designed in such a way as to 
give as high a reflected resistance as is 
practical. Finally, the reverse resist¬ 
ance of the power rectifiers must be main¬ 
tained high, commensurate with these 
and other requirements to be discussed. 
These resistances which make up K have 
no theoretical upper limit, although prac¬ 
tical limits do exist in that perfect cores 
and perfect rectifiers are not available. 
However, from the standpoint of in¬ 
creased gain, a factor in addition to high 
reflected resistance must be considered 
for the reset circuit. 

The Reset Circuit 


( 12 ) 


> I*' 01 * a given set of control source condi¬ 
tions the control resistance R c is fixed; 
therefore, at any level of control voltage 
v c the flux difference A<j> can be maxi¬ 
mized with respect to control turns N e as 
follows. Differentiating equation 12 with 
respect to N e and equating to zero, we 
obtain for a maximum A 0 the condition 
that 




Rc 

K 


(13) 


When equation 13 is satisfied, equation 12 
reduces to 
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,J_ rs 

Xjt, 2 


dt 


(14) 


When rectangular core material is used, 
the combined reset and control action 
does not occur over the entire control 
half-cycle. This is true since no flux 
change (control) can occur until a certain 
level of magnetizing current is reached. 
Since it falls upon the reset circuit to 
suppiy most of this magnetizing current, 
the values in this circuit will largely de¬ 
termine when, during the cycle, the actual 
flux change begins to take place. This is 
illustrated in Fig. 4. 

Let it be assumed that to produce a 
given quiescent firing angle, the reset 
circuit .has N r turns with a series resistor 
■«&. Since no flux change occurs until 
the magnetizing current reaches some 
value, say i m , a voltage drop i m R^ occurs 
across Rj, which is not available across N r 


for flux setting. Fruthermore, the flux¬ 
setting action does not begin until some 
time k, Fig. 4(A), after the beginning of 
the reset half-cycle. Thus, of the total 
volt-time integral across the reset circuit, 
only area A, Fig. 4(A), produces flux 
change, from the saturation value <£ max , 
in accordance with Faraday’s law 


•j&ma: 




(i e—i m R b )dt 


(15) 
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(where <f> 3 is the reset flux value), while 
area B appears across resistor R b . 

Now let it be assumed that to increase 
the resistance reflected into the magnetic 
circuit, N r is reduced by a factor of two. 
This will call for twice the original mag¬ 
netizing current, but only half the orig¬ 
inal volt-time integral across the reset 
winding if the same quiescent firing angle 
is to be maintained. These «condi tions 
are met by only slightly decreasing 
The aim of increasing the resistance re¬ 
flected into the magnetic circuit is thus 
achieved. From Fig. 4(B) it is readily 
apparent that the control time h'<t<k ' 
is now less than before. This decrease 
in time during which control may be ef¬ 
fected tends to reduce gain. Thus, re¬ 
ducing reset turns not only increases the 
reflected resistance, which increases the 
gain, but also reduces control time, which 
reduces gain. These two opposite ef¬ 
fects must be considered to establish the 
optimum number of reset turns. Ex¬ 
perimental determination of this opti¬ 
mum number for Orthonol cores results 
in a value of from one-fifth to one-tenth 
of the total number of power turns on one 
reactor. This precludes the shunting of 
power rectifiers to obtain reset through 
tiie power windings if optimum operation 
is desired. 

The foregoing discussion of the reset 
circuit is based on the assumptions that 
the control interval h<t<k is not a func¬ 
tion of control voltage and that the leak¬ 
age through the power rectifiers is negli¬ 
gible compared to the reset circuit cur¬ 
rent. The first assumption was discussed 
m the section dealing with the control 
circuit. The second assumption simpli¬ 
fies the presentation. When the power 
rectifier leakage current is not negligible, 
tiie lower boundaries of areas A and A' 
in Fig. 4 will be bowed down as shown by 
the dotted path from a to 6 in the figure. 
Even when this occurs the comments rela¬ 
tive to reflected resistance from the reset 
circuit still apply. 

Cascading Stages 

. fore g°mg analysis where only a 
single bridge was involved, two periods 


July 1954 








of operation were considered separately. 
When two bridges are cascaded, the reset 
half-cycle of the second stage occurs 
during the operating half-cycle of the 
first stage; therefore, these two periods 
of operation must be considered together. 
From equation 14, the conditions for 
• pitivimiim differential flux (maximum 
gain) from a given control source are 
satisfied by proper adjustment of the 
reset circuit and the control turns of the 
first stage. This maximum differential 
flux should in turn establish a maximum 
differential flux in the second stage. 
Conditions to achieve this are determined 
from the following analysis. In this 
analysis all subscripts 1 are for first-stage 
parameters and subscripts 2 are for second- 
stage parameters. 

The impedance of the control circuit 
of the output stage which is the load R L 
of the input stage is, by equation 8, there¬ 
fore 

RL^KtNJ ( 1 «) 

where K 2 is determined by reflected resist¬ 
ances in the magnetic circuit of the out¬ 
put stage and is the control turns on 
the output stage. 

To achieve maximum control of the 
second stage, the output interval t\<t<h 
of the first stage must lie within the con¬ 
trol interval h<t<k of the second stage. 
(When this condition is satisfied, the 
control interval t*<t<U of the second 
Stage is determined solely by the reset 
circuit of this stage.) From Faraday's 
law 

A^2’=‘^r _ I ?cidt 0^) 


From equations 2 and 16 


K*N C S 

* et VLl=S K t N^+R Sl +2R f i “ 


From equations 17 and 18 
K 2 N ct _ 

K s N e *+R gl +2R f J h % 


( 18 ) 


( 19 ) 


From equations 4 and 16 




( Rf£K*NcS \ 1 f t% 

\K 2 N c *+R Sl +2RfJ N n J h 


v ai dt (20) 


From equations 19 and 20 



( 21 ) 


Maximizing A& with respect to N e% 
(see equations 12 and 13) the condition 
for maximum gain is obtained 



( 22 ) 


From equations 22 and 21 


1 N n A<l> 


( 23 ) 


If A<£i in equation 23 is maximized in 
accordance with equation 14, maximum 
gain is obtained from the input of the first 
stage to the control of the second stage. 
The same general conclusions may be 
drawn from equations 22 and 23 as were 
drawn from equations 13 and 14. From 
equations 22 and 23 it is seen that the 
saturated forward resistances of the arms 
of the input stage should be made as low 
as possible, and the control windings of 
the output stage matched to this resist¬ 
ance. 


Design Considerations 

In undertaking the design of a half¬ 
wave bridge magnetic amplifier, the en¬ 
gineer usually has the input or control 
source characteristics, the output re¬ 
quirements, and the power source given. 
The load will, by and large, establish the 
reactor requirements for the output stage. 
The control source will, as shown in the 
preceding sections, determine only the 
number of control turns to be placed upon 
the input stage cores. Consequently, the 
design of the amplifier should begin with 
the output stage and progress to the con¬ 
trol source. This procedure is outlined 
in three steps as follows. 

Step 1 

The load requirements for the output 
stage are generally specified by at least 
two parameters, from which the load 
resistance R L and maximum voltage V L 
can be obtained. Available power from 
the source and allowable amplifier tem¬ 
perature rise will determine the amplifier 
quiescent power dissipation permissible. 
From the maximum load current Vt./Rl, 
the minimum allowable values of wire 
size and rectifier ratings for the power 
circuit are determined. Using equation 
7 with the given value of Rl, an upper 
value of R; is chosen. From this value 
of Rf, the limit of the forward resistance 
of the power rectifiers and the resistance 
of the power windings may be established. 
In output stages the forward resistance 
of the rectifiers is usually small compared 
to the resistance of the power windings. 
Taking this into consideration, the value 
of R f will determine the lengh of wire, of 
the size chosen, which can be used. The 
required power source voltage V s is deter¬ 
mined by Vl, Rl, and Rf. If V a is fixed 
along with V L and R L , there is no choice 
but to make Rf small enough to satisfy 
the load requirements. In either case, 
the maxim um length of the power wind¬ 
ing is determined by Rf. It may be noted 


from equation 7 that the gain is a func¬ 
tion of the number of power winding 
turns. Therefore, the number of power 
winding turns should be made as large as 
practical. (A good design figure has 
been experimentally determined to be 
that which will absorb 150 per cent of full 
line voltage y s .) Using this criterion 
and the wire size and length obtained 
fr o m the foregoing considerations, the 
core material and core dimensions are 
determined. A variety of core configura¬ 
tions will satisfy these conditions; how¬ 
ever, from other considerations, that 
which gives the smallest mean length 
while still maintaining a suitably large 
inside - diameter—outside - diameter ratio 
should be chosen. 

From quiescent power dissipation con¬ 
siderations, the firing angle is determined. 
For this firing angle the reset winding 
turns are determined to maintain K large. 
See equations 13 and 14. For Orthonol 
cores this lies in the range of one-fifth to 
one-tenth of the total power winding 
turns on one reactor. 

The foregoing procedure establishes the 
core di mens ions, the power circuit, and 
the reset circuit of the output stage. 
This completes step 1. 

Step 2 

Equation 22 gives the condition to be 
satisfied by the control turns of the out¬ 
put stage to give maximum gain as indi¬ 
cated by equation 23. At this point K 2 
in equation 22 has been fixed by the design 
values arrived at in step 1. Hence, to 
achieve maximum gain Rf lt the saturated 
resistance of an arm of the preceding 
bridge, must be made an absolute mini¬ 
mum. It is therefore necessary to deter¬ 
mine how low R fl can be made before set¬ 
ting N Cv the number of control turns on 
the output stage. 

The lower limit on the value of Rf x 
is determined by rectifier forward resist¬ 
ance and power winding resistance. 
From the standpoint of low forward re¬ 
sistance of the rectifiers in this applica¬ 
tion, the best that can be done is to use 
only one rectifier cell. When the reset 
circuit is properly designed, most of the 
line voltage which appears across the 
power circuit is bucked out by voltage 
induced into the power windings from the 
reset circuit during the reset half-cycle. 
Therefore, use of one cell per arm of the 
bridge is permissible for line voltages as 
high as three to four times the inverse 
voltage rating of the cell. 

From the standpoint of the power 
windings, the lower limit on Rf, is set by 
the increase in quiescent power and core 
size which results if larger wire is used. 
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Increase in quiescent power can, how¬ 
ever, be controlled by the insertion of a 
line resistor in series with the power 
source. Equation 7 shows that the 
inclusion of such a resistance does not 
affect the gain of the stage. 

Once R fl is determined, N Ct is designed 
in conformance with equation 22. In 
arriving at the minimum values of R fv 
the core size and power circuit of the pre¬ 
ceding stage will have been determined 
on the basis of considerations ou tlined 
in step 1. Given the core size and power 
circuit for this stage, the design of the 
reset circuit is carried out in the same 
manner as for the output stage. This 
completes step 2. 

Up to this point the output stage has 
been completely designed as have the 
core size, power circuit, and reset circuit 
of the preceding stage. If this pre¬ 
ceding stage is not the input, step 2 is 
repeated until the input stage is reached. 

Step 3 

The input stage control windings are 
designed in accordance with equation 13 
which matches the control windings with 
the control source, given in the initial 
requirements. This completes step 3 
and the amplifier design. 

Additional Considerations 

Rectifiers 

It is obvious that for magnetic-ampli¬ 
fier applications a perfect rectifier, i.e., 
zero forward resistance and infinite back 
resistance, is desirable because it would 
be applicable in all cases. In practice, 
however, lower forward resistance is 
usually obtainable only with attendant 
lowering in back resistance and, con¬ 
versely, increased back resistance is ob¬ 
tainable only with increased forward re¬ 
sistance. Therefore, it is seen from the 
foregoing discussion that the principal 
requirements of a specific application 
must be investigated before rectifiers 
having the most suitable properties can 
be chosen. 

Core Material 

From the foregoing analysis it is clear 
why the core material for use in this cir¬ 
cuit should have a high saturation flux 
density, a high degree of rectangularity 
of the B-H loop, and as low a coercive 
force as possible. First, for a given core 
size, a high saturation flux density allows 
large values of supply voltage. This 
gives increased power handling capacity. 

It is of utmost importance that the un¬ 
saturated impedance of the reactor power 
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winding be very high while its saturated 
impedance be as close to the winding re¬ 
sistance as possible. The more rectangu¬ 
lar the B-H loop of the core material, the 
more closely this condition is approached. 

The lower the coercive force of the core, 
the higher the value of K which is defined 
by equation 9. Higher values of K re¬ 
sult in lower values of N e (see equation 
13) with an attendant increase in gain as 
shown by equation 14. Of the two fac¬ 
tors that determine K, namely the re¬ 
flected resistance of the reset circuit and 
the back resistance of the rectifiers re¬ 
flected through the power windings, the 
first varies inversely with the coercive 
force of the core without limit. The sec¬ 
ond, however, will never be greater than 
the back resistance of the rectifiers regard¬ 
less of the coercive force of the core. The 
quality of dry rectifiers now available is 
such that their low back resistance limits 
K to the extent that reduction in coer¬ 
cive force of the core material which 
usually is obtained at the expense of rec¬ 
tangularity of the core B-H loop is a 
questionable approach to achieving in¬ 
creased gain. Thus, improvement in 
amplifier gain can be made only by 
simultaneous improvement in rectifiers 
and core materials. 

Time Delay 

One of the main advantages of the half¬ 
wave bridge magnetic amplifier is its fast 
speed of response which is independent of 
gain. When properly adjusted, the cir¬ 
cuit has a half-cycle per stage delay which 
is the fastest response time possible in a 
magnetic amplifier. Certain precau¬ 
tions must be exercised, however, to in¬ 
sure that the full capabilities of the bridge 
are retained. 

If the power windings are designed to 
absorb more than full line voltage it is 
possible to have a delay greater than one 
half-cycle. This condition is illustrated 
in Fig. 5. Under normal quiescent condi¬ 
tions the cores in the bridge are cycling 
about a minor loop A, Fig. 5(A). When 
only sufficient control is applied to cut off 
one of the cores, the flux change during 


Fig. 5. Effect of control on reactor flux 


the reset half-cycle must be exactly equal 
to the flux change during the operating 
half-cycle. The core is then operating 
about loop B, Fig. 5(A). When addi¬ 
tional control is applied, the flux change 
during the reset half-cycle becomes greater 
than that during the operating half¬ 
cycle, hence the flux in the core cycles 
toward negative saturation as illustrated 
in Fig. 5(B). When this control is re¬ 
moved the flux will cycle back up the 
loop until it reaches the normal quiescent 
loop A, Fig. 5(A). This cycling back up 
the loop entails a delay of at least one and 
possibly more cycles of the supply fre¬ 
quency. Although this effect gives no 
additional delay in output rise time, it 
does cause a definite increase in the fall- 
off time. There are three ways to pre¬ 
vent this. The first is to design the 
reactor so it will not absorb more than 
line voltage. This is done at the sacri¬ 
fice of gain. Another way is to keep the 
power source impedance low. Inspection 
of Fig. 2 will show that if R s is low, con¬ 
siderably more than half the line voltage 
appears across only half the power wind¬ 
ings. This will tend to insure saturation 
of the core. Finally, if a control source 
is used which is incapable of driving the 
reactor to cut off, this delay will be 
avoided. 

If the load is highly inductive, the load 
current will have a finite decay time. 
If this decay time runs into the following 
reset half-cycle, this current behaves as an 
additional control on the bridge. This 
results in an increase in the response time 
of the amplifier. 

When two stages, each having a half¬ 
cycle response, are coupled together, the 
combination will sometimes show a re¬ 
sponse time longer than should be ex¬ 
pected. This is due to the induced voltage 
which appears in the control winding of 
the second stage when it is delivering out¬ 
put. This voltage causes control action 
on the first stage through leakage in the 
power rectifiers of the first stage. Good 
rectifiers in the first stage will reduce this 
action to a minimum. 

Drift 

Since the half-wave bridge magnetic 
amplifier is a balanced circuit, drift is 
merely a function of parameter balance 
on each side of the bridge. The only way 
drift can be eliminated is to mai-ntaip this 
parameter balance under all conditions of 
temperature, voltage, frequency, etc., 
to be encountered. To do this requires 
careful matching of components. The 
degree of care which must be put into 
the matching of components is deter¬ 
mined by the minimum allowable drift. 
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Both rectifiers and cores are fairly easy 
to match for variations in line voltage 
and frequency at any given temperature. 
The temperature drift problem, however, 
is not so readily overcome. Dry recti¬ 
fiers which are presently available show 
an extremely wide variation in charac¬ 
teristics with temperature, and these 
variations are frequently not reproducible 
unless the units have been temperature- 
cycled and aged by some voltage-tem¬ 
perature schedule designed to stabilize 
them. One common approach to the 
rectifier drift problems is to check single 
qpIIs and group those cells with similar 
characteristics. From these groups of 
similar cells, matched rectifier sets can be 
assembled. In spite of the difficulties, 
rectifiers have been matched on a prac¬ 
tical basis to the point where temperature 
drift due to their unbalance is less than 
10~ 6 watts of input power, for a tempera¬ 
ture range of -55 to +60 degrees centi¬ 
grade. 

Unmatched cores also contribute sub¬ 
stantially to the temperature drift. Here 


the problem is more serious. The drift 
from the cores is probably due primarily 
to expansion and contraction of the core 
which affects the strain-sensitive proper¬ 
ties of B-H loop rectangularity and coer¬ 
cive force of the core material. From 
this standpoint, the toroidal tape con¬ 
figuration could be inferior to a lami¬ 
nated core. It may well be that in certain 
extremely critical applications a laminated 
core structure in the input stage may be 
superior to the tape toroid for minimizing 
temperature drift. Matching at room 
temperature is not sufficient for critical 
applications. Fortunately, if cores are 
carefully insulated and heat-treated, 
changes brought about in them by tem¬ 
perature variations are similar. Thus 
drift which is caused by differential 
changes will be small in well-matched 
units. 

Conclusions 

From the theoretical considerations of 
the operation of the half-wave bridge, a 
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logical qualitative design procedure has 
been set forth which greatly simplifies the 
design of an amplifier having optimum 
characteristics. Since the foregoing de¬ 
sign procedure is qualitative, good en¬ 
gineering judgment is required to obtain 
actual design figures. Quantitative de¬ 
sign data can be obtained by a more 
thorough mathematical derivation based 
on the considerations given here. Such a 
derivation has been carried out at the 
U. S. Naval Ordnance Laboratory. 4 
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Discussion 

R. O. Decker (Westinghouse Electric Cor¬ 
poration, East Pittsburgh, Pa.): The au¬ 
thors, in making an analysis of the half-wave 
bridge circuit, have evidently assumed the 
cores to have rectangular hysteresis loops 
with fixed vertical sides. The result is that 
the equations developed do not show clearly 
the dependence of the power gain of the 
amplifier upon the magnetic characteristics 
of the cores. 

If the quantity V e —{Jl T v c dt)/T =/ 
Jll'Vc&t is considered to be the average 
electromotive force of the control source, 
and if equations 12 and 7 are combined, the 
power gain of the amplifier will be 



If the condition for maximum voltage gain 
is now imposed, i.e., N e i /R c =i/K^ the 
maximum power gain of the amplifier is 



If rectifier leakage is neglected, the ex¬ 
pression for power gain, using the authors’ 
value for K, is 


. (26) 

’ \(SL+s r yJ\ 2/W 

The authors state that the coercive force 
of the core is implicit in the reset resistance 


Rb, but suppose that the reset voltage is 
supplied from an external high-voltage 
source. Under these conditions Rb could 
be made a very large resistance and it might 
be concluded, from the preceding equation, 
that the power gain would vary directly as 
Rb and that no upper limit on the power gain 
would exist. Experimentally, this is not 
found to be the case. 

A more logical expression for power gain 
can be developed if some acknowledgment 
is made of the magnetic characteristics of the 
cores. I have made an analysis which re¬ 
sults in the following expression for the 
maximum power gain of the single-stage 
amplifier 



This expression for maximum power gain, 
which has been checked experimentally, 
contains a term that is descriptive of the 
magnetic properties of the core. The factor 
K c relates the flux levels in the amplifier to 
the dynamic magnetic characteristics of the 
cores, and it will be noted that the upper 
limit on the power gain of the amplifier is 
determined by this relationship. In appli¬ 
cations where Rb/Nt 8 is of the same order 
of magnitude as K e , each term is important 
in determining the maximum power gain of 
the amplifier. 


C. W. Lufcy and H. H. Woodson : We make 
clear in the paper that a condition for the 
validity of the analysis is that a rectangular 
core material be used. (To be rectangular 
the B-H loop must have “fixed vertical 
sides.”) Specifically, just after equation 2, 
immediately prior to equation 8, and at the 


beginning of the section on the reset circuit 
is the point stressed that rectangular core 
material is assumed. 

Mr. Decker states that, if rectifier leakage 
is neglected, the power gain varies directly 
with the reset resistance, and therefore one 
might conclude that if the reset is supplied 
from a high-voltage source, the reset resist¬ 
ance can be increased with a consequent in¬ 
crease in power gain. The fallacy in this 
argument is in the determination of the 
limits of integration on the term that he 
calls the average input voltage 

F c =/jf \cdt 

This can be shown in the same manner as 
in the section on the reset circuit in the 
paper. First, assume that for a specific 
quiescent firing angle the conditions are as 
shown in A in Fig. 6. Double the voltage 
supplied to the reset circuit will be assumed. 
If the reset circuit turns are unchanged, to 
still have the same volt-time integral applied 
to the reset winding, the reset resistance 



Fig. 6. The effect of increase in Re on control 
time, with external high-voltage source 
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must be increased, giving conditions as 
shown m A' in Fig. 6. At the same time, 
however, the control interval, which was 
is now reduced to h'CKtS. If 
this process is carried further the effect of 
increase in R b must be balanced against 
the decrease in control time to determine the 
variation in gain. Since the control source 
is supplying power even when the reactor is 
not controlling (0 <t<t 3 ; t A <t <*■/«), it 
seems unfair to include only that control 
power supplied during the time while flux 
is actually being changed in the reactors in 
denning V c . 

From this it is evident that the theory 


given in the paper predicts that the power 
gain will vary in a manner indicated by Mr. 
Decker’s experimental results. 

Mr. Decker has simplified the expression 
for power gain derived from the paper under 
consideration by neglecting rectifier leak¬ 
age. It is pointed out that in the paper 
itself no such assumptions are made. The 
authors know of no commercially available 
dry rectifiers with negligible back leakage 
under all conditions encountered in the 
magnetic-amplifier circuit under consider¬ 
ation. 

If the value for K given in equation 9 is 
substituted into the expression for power 


gain which Mr. Decker gives, we obtain j 

rl \ n s y i \ ! 

( Rl+R /)*/ 2 [ IV , ) ’ 

\ 2 I ' i 

\ Rr Rb/ (28) } 

This is very similar to equation 27 de¬ 
rived by Mr. Decker. 

To properly compare and evaluate Mr. 
Decker’s expression for power gain it would 
be necessary for us to know how the factor 
IsTfi is defined and/or determined. Indeed, 
it is possible that his value 1/K e is nothing 
more than our value 2N s */R r in disguise 
(or vice versa). 
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TNTEREST in eddy currents in solid 
iron masses has kept pace with the de¬ 
velopment of electromagnetic devices 
generally. 1 The first problems arose in 
the design of eddy-current brakes for fly¬ 
wheels. Then the use of iron wires for 
telephone lines and iron rails for the 
supply of power to a-c locomotives led to 
new problems. It was recognized that 
the saturation of the iron was an im¬ 
portant factor, and many authors have 
presented their theories to take satura¬ 
tion into account. Following the appear¬ 
ance of Rosenberg’s work, 2 others 8 have 
made an academic problem of substan¬ 
tiating it or elaborating upon it. Re¬ 
cently the damping effect of eddy curr en ts 
in the solid yokes and pole pieces of d-c 
machines has become important. Still 
more recently, it has been recognized that 
the saturation effect is important in com¬ 
puting the core losses in thin steel or alloy 
sheets. 

A new method for computing the effect 
of saturation has been suggested. 7 —® 
The method seems to be a significant de¬ 
parture from other efforts to account 
for the magnetic nonlinearity in iron. 
Many previous attempts to handle the 
problem mathematically have introduced 
the nonlinearity as a sort of correction to 
the linear theory, always keeping in 
mind that the treatment should reduce 
to the linear theory as a special case. 
Any such correction of the linear theory 
leads to very cumbersome mathematical 
forms. A fresh approach using what 
might be termed a limiting case for a be¬ 
ginning may, if carefully applied, lead to 
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a mathematical formulation even simpler 
than in the linear case. It is the purpose 
of this paper to show a logical transition 
from the .linear theory of eddy currents 
in solid media to the limiting non-linear 
theory, and to show the applicability of 
the method in typical problems. 

An almost exact parallel can be found 
in the various approaches to the non¬ 
linear problem of the magnetic amplifier. 
On the one hand, there is the formulation 
by fitting some useful function, such as 
the hyperbolic sine or a finite power series, 
to the magnetization curve. On the other 
hand, a radically different approach exists 
in which all resemblance to linear be¬ 
havior of the magnetic material is dis¬ 
carded. These various analyses of the 
magnetic amplifier are outlined and com¬ 
pared in reference 10. 

Comparison of Linear and Limiting 
Nonlinear Theories 

The linear theory will be reviewed by 
the use of a simple situation. An infinite 
half-space with its surface in the x, y plane 
is excited such that the total ma gnetic 
flux carried in the x direction per unit of 
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width in the y direction is Recj)^ iat 
There is no y or z component of flux. The 
z direction extends into the material nor¬ 
mal to the x, y plane. The permeability 
of the material is n, its conductivity is <r, 
and the radian frequency is co. Taking 
B, the induction, to be the field variable, 
the field equations are By—0, B z — 0, and 
(using meter-kilogram-second units) 


&B X bB* 


b 

II 

1 * 

(1) 

The solution is 



(2) 

where B 0> a complex number, 

is the in- 


duction at the surface. The total flux 


per unit width is 


, x r* B 0 


<Kt)~ / 5^2= ,— e iat 

J 0 Vjwjtto- 

(3) 

Substituting into equation 2 



(4) 


Expressed in a different form equation 
4 becomes 


B x *= Re^~-e~ */V (" <+,r / 4 - * VwM<r/i) 

VajUflr (5) 

where cj> max is a real number. 

The behavior of B x as a function of 
time and of depth is illustrated in Fig. 1. 
The upper curve is the total flux 4>(jt) 
while the lower curves give the flux den¬ 
sity as a function of time at the vario us 
levels. At any instant, the flux density 
varies as a damped sinusoid with depth; 
thus there are alternate positively and 
negatively magnetized bands of material. 
The existence of these alternate bands 
can be seen also by inspecting the time 
function at various levels. 

Now the same situation is analyzed once 
more, but with the linear magnetic ma¬ 
terial being replaced by a material hav¬ 
ing the nonlinear magnetic characteristic 
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Fig* 1 • Flux per unit width and flux density in 
the classical theory, with constant permeability 

w“377 

M <r=»6.2Xl0 4 


Curve Width, z. Millimeters 


A.0 

B .0.176 

q 0.352 

D "' ’ .0.528 

E.'.0.704 

p. 0.880 


This table also applies to Fig. 4. 

tized to saturation if the field intensity is 
different from zero, and it is possible to 
change the flux density only at H=0. 
The statement implies that if the flux den¬ 
sity is changing, H must be zero. How¬ 
ever, the converse statement is not neces¬ 
sarily true; if H is zero, the flux density 
is not necessarily changing. Thus it is 
possible to have regions within this ma¬ 
terial where H is zero but where the flux 
density can have any constant value less 
than or equal to the saturation induction. 
The particular constant value would de¬ 
pend upon the state in which the material 
was left during some previous process. 

The mechanics of supporting a function 
<t>(t) will now be investigated. 

First it will be assumed that H at any 
point is a periodic function with funda¬ 
mental radian frequency w and no aver¬ 
age value. If this function has zeroes 
only at discrete values of (at) which are ir 
radians apart, the corresponding induction 
B will be a square wave of period 2 v/a 
and amplitude B g . On the other hand, a 
square wave of B at any point can be 
supported by a discontinuous function 
H(at), due to the possibility (discussed 
before) that B may remain constant when 
H is zero. Thus it seems reasonable to 


postulate that the induction at any point 
in the material is either constant at some 
value depending on previous treatment 
or a square wave with amplitude B g and 
period 2ir/a. 

Inspection of Fig. 1 gives some insight 
as to how the square waves giving B as a 
function of time might combine to give a 
total flux <j>(t) which is sinusoidal. In 
Fig. 1, the induction at any level z is a 
sine wave versus time, but whose phase is 
shifted with respect to the level above. 
The next question is, can a succession of 
square waves which are phase-shifted 
with respect to one another add to' a sine 
wave? Fig. 3 shows a finite group of 
these square waves and their instan¬ 
taneous sum. (The resemblance to the 
calculation of the magnetomotive force 
of a distributed winding in a rotating ma¬ 
chine is apparent.) If there are enough 
square waves, phase-shifted in a particu¬ 
lar manner which can be computed, a 
smooth sine wave 4>(t) results. 

The computation of this phase shift as 
a function of depth is better approached 
by a change of variable. At some in¬ 
stant, say (at) i, the induction above the 
level Zi(Fig. 3) is -B g while below that 
level it is +B g . At a later instant (at) 2 
the induction above the levd. z 2 has be¬ 
come —B s while below z 2 it remains 4 -B,. 
Thus a surface of separation between the 
two saturated states has moved from 
Zi to z 2 during the interval (h —fi)- The 
phase shift between the square waves of 
induction at these two levels will be 
a(ti-ti) radians. The distance (z 2 —Zi) 
that the surface of separation has moved, 
and the phase shift eo(fe-h) radians, are 
both related to the change in flux per unit 
width A<£ which has occurred during that 
time. 

The surface of separation will stop when 
there is no further need to “substract 
flux” by causing this change to take place. 
The maximum distance that this surface 
travels, beginning at z— 0, will be the 
depth of penetration 8. When the sur¬ 
face of separation has reached the depth 
z = 5, the flux per unit width will be 
—The depth of penetration is 

S== ^ ( 6 ) 

B* 

This movement from z=0 to z—8 has 
occurred in a half-cycle, since the flux per 
unit width has been changed from <t> max to 
-0m«. Thus, the phase shift between 
square waves of B versus (at) at z=0 
and z—8 is t r radians. 

The depth of penetration 8 is seen to be 
a variable depending on <j> max, while in 
the linear material the depth of penetra¬ 
tion is a property of the material at a 



Fig. 2. Assumed magnetic characteristic 

given frequency (equation 4). This be¬ 
havior is expected, since in the linear ma¬ 
terial it is possible to increase B x max ^ 
more flux is required; in the nonlinear 
material the induction is limited to B s , 
and more flux can be obtained only if 8 
increases. 

The position of the surface of separa¬ 
tion will now be determined as a func¬ 
tion of the flux <f>. Let the location of the 
surface be z'. The flux per unit width 
contributed when the surface moves from 
z’ to (z'+Az'), changing the state from 
+B g to —B„, will be 

2B s As* 00 

Passing to the limit A<£-*0 yields the 
differential equation for z’ 

( 8 ) 

d<j> 2 Bj, 

The integration will be performed be¬ 
ginning at the time when 
and z'=0. (Calculations begun when 
max would proceed in the same 
way with a change in sign, such that z r 
is always a positive increasing function). 
Thus 



Fig. 3. Arrangement of square waves adding 
to a smooth periodical function 
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At)-*- do) 

At) s 

The next problem is to compute the 
phase shift at different depths. The 
square wave of B versus (cot) at any level 
z may be expressed by 

ip) (it) 

where the symbol DOc) represents a 
periodic function of x which is a square 
wave of amplitude 1 and period (2ir). 
The angle p is the phase displacement 
between the origin of the square wave at 
depth 2 and the origin of the square wave 
at s=0, so will be a function of z. The 
origin of the square wave is taken at the 
center of the positive flat portion. 

Equation 10 was derived assuming that 
at time zero the flux is a positive maxi¬ 
mum and is being decreased. Thus, at 
time zero all the material was previously 
magnetized to +B S induction, and will be 
changed during the subsequent half-cycle 
to —B s induction. At 2=0 the origin 
of the square wave would be located at 
—ir/2, since at time zero that value 
of (ut—ip) must be t/2. The further 
dependence of rp upon z can be deduced 
from equation 10, since when the surface 
of separation is located at z / =s we must 
have (a)t—p) = ir/2 at that level. Thus 
setting 



If now is substituted in 

equation 12, the relationship between \p 
and s for that case is 

•-M 1 —(H] 

=|[l+sin (13) 
or 

sin *=2^-1 (14) 

Thus, P(0) — 7t/ 2 and p(S) = w/2, signi¬ 

fying that the square waves are phase- 
shifted by a half-period over the depth 5. 
For s>5, i.e., below the depth of penetra¬ 
tion, no change in induction occurs. 

The results of this computation for B as 
a function of depth and time are sum, 
marized in Fig. 4. The same values of 
<j>naix and « are used in Figs. 1 and 4, 
while values of n and <r have been chosen 
so that the extinction of the field takes 
place in about the same depth in both 
cases. The peak value of induction is 
seen to be much higher in Fig. 1 than in 



Fig. 4. Sinusoidal flux per unit width in satu¬ 
rated solid ion, and square waves of flux den¬ 
sity at various depths. See Table of Fig. 1 

CO = 377 
B s =1.3 
<r=6.67X10 8 


Fig. 4, while the phase shift is larger in 
Fig. 4. The different phase shift might 
have been anticipated; in the linear case, 
Fig. 1, the contribution to <f>(t) by the 
lower levels, where the phase is advanced, 
has been reduced due to the damping 
effect. In the nonlinear case this grad¬ 
ual damping does not exist. This com¬ 
parison also validates the idea of using 
square waves of flux; the saturation in¬ 
duction is reached very early in the cycle 
in Fig. 1. 

An Intermediate Theory 

A theory to account for saturation, 
which in a sense is intermediate between 
the linear theory and the limiting non¬ 
linear theory, has been proposed by 
Barth. 8 It was assumed that the flux 
density varies sinusoidally with time at 
any level, as in the linear theory, but that 
the amplitude of the sine wave is B, at 
every level (except possibly in that part 
of the material which experiences no 
change in induction). A detailed review 
of this intermediate theory is presented 
in reference 11. 

The Theory of Rosenberg 

Rosenberg’s treatment 2 assumes that 
the flux density is a sinusoidal function, 
without phase shift from layer to layer, 
and with a constant amplitude B m „ be¬ 
tween 2=0 and 2 =a. The amplitude 
Bnua and the depth of penetration a are 


related, however, the connecting variable 
being the field intensity at the surface H 0 ; 
in turn, H 0 and B m ^ x are related through 
the saturation curve. 

Rosenberg noted that the two most 
prominent assumptions, i.e., that the 
amplitude of the flux density is constant 
and that the phase shift from layer to 
layer is negligible, introduce compensat¬ 
ing errors in the computation of eddy- 
current loss. Barth found that the in¬ 
clusion of phase shift but the omission of 
time harmonies yields about the same 
results as the Rosenberg treatment. It 
will be shown that the limiting nonlinear 
treatment, which takes both these effects 
into account, yields higher losses. 

Eddy Currents According to Limiting 

Nonlinear Treatment 

A basic assumption in this treatment 
is that a change in induction can take 
place only when 11=0. Therefore, the 
sum of all the field intensities at the sur¬ 
face of separation between the states 
—B s and +2J S must be zero. This state¬ 
ment allows the derivation of a relation¬ 
ship among the flux, the externally applied 
field, and the eddy currents. 

The field equations which relate the 
density of eddy currents to the rate of 
change of magnetic induction are 

J = <rE (15) 

dB 

curl E =—~ (15A) 

Equation 15(A) says that the electric 
field intensity E is everywhere irrota- 
tional, because the induction can be only 
±i2J, where i is the unit vector in the in¬ 
direction. The only possible irrotational 
vector E under the conditions set for the 
problem is a vector varying in time but 
not varying with position at a given in¬ 
stant. To find out what E is, it is neces¬ 
sary to convert the equation 15(A) to 
the integral form, yielding 

J = <rE 

X Bis <>« 

where C bounds S and traverses S in the 
usual counterclockwise sense. 

The line integral in equations 16 will be 
zero if C lies entirely on one side of the 
surface of separation between —B, and 
+B S . However, if C cuts this surface, 
then the integral over S will have a time 
derivative depending upon the velocity of 
the surface of separation and the length of 
the segment common to both S and the 
moving surface. Thus a discontinuity 
in E is expected at the moving surface. 

The integrals in equations 16 are easily 
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Fig. 5. Definition 
of symbols used in 
plane configuration 


evaluated in the particular example being 
considered. Since B has only an x-com- 
ponent, the surface S is taken in the y,z 
plane. The surface of separation be¬ 
tween states —B g and -\-B s is an x,y 
plane moving in the z-direction. The 
segment common to both these surfaces 
will be Ay meters long. The electric field 
E will have a y-component only, which 
will (at any instant) take constant values 
above and below the surface of separa¬ 
tion, with a discontinuity at the surface. 
The situation is illustrated in Fig. 5. 

Let the induction (in the x-direction) 
be —Bg above the surface and +5, below, 
with the surface moving at velocity (dz'J 
dt ) meters per second. At time t, let S 
have Si area in the region of —B s induc¬ 
tion and Si area in the region of +B S 
induction. At time (/+ At) the surface 
will have moved a distance (dz'/dt)(Al) 
meters, so that now there will be [5i+ 
(dz'/dt)(At)(Ay)] area in the region of 
—B s induction and [Si— (dz'/ dt) (At) (Ay) ] 
area in the region of induction. The 

integration in equations 16 becomes 

(Eji\z'— A«)(Ay)—(jE»|a'+A*)(Ay) 

_ 2B s (dz’/dt)(At)(Ay) 

At 
or 


During the succeeding half-cycle E y re¬ 
verses sign, since in that removal the 
induction is being changed from —B s to 
-\-Bg and (dz'/dt) remains positive. 

The eddy currents flow with uniform 
density (at any instant) in the space 
(0<s<z / ) and there are no eddy currents 
below the level z'. The total current 
contained in the eddy-current path is, by 
equations 15 and 19 

fa’ 

I e — 2Bg<rz'— amperes per meter (20) 

dt 

during the half-cycle in which the ma¬ 
terial is being changed from to — B s . 
During the following half-cycle, I e changes 
sign. Since the field intensity must be 
zero at the surface between —B a and 
the applied field intensity must be 
the opposite of equation 20; in other 
words, the applied field must be —I e 
amperes per meter. 

An expression for the applied field J s 
can be obtained from equations 20 and 
10; i.e., for sinusoidal flux variation 


Jg 


o» / 4>(t) \f _ 

2 atT \ 2 Bg A 2 Bgdl) 


(17) 


=^(*ma*-*)^ (2D 

In the present case, <£=g!>max cos cat so 
that during the half-cycle when <j> pro¬ 
ceeds from <t >max to — 0max 


/ 8 =-0max 2 (l— cos « t) sin c ot amperes 

23 s 


per meter (22) 


(E v \z'-nf)—(E y \z'+^z)=2Bg ^ (18) 

Equation 18 gives the discontinuity in the 
electric field existing at the moving sur¬ 
face separating —B s and +3*. 

There can be no electric field below the 
moving surface, for if it were to exist 
energy would be required to sustain the 
resul ting eddy currents and there is no 
such energy available. Therefore 

E y ^2Bg~ (0<z<z');(B x \z f -^ ss —B s )(19) 
dt 

E v =0 (z'<z) 


Equation 22 is similar to equation 9 of 
reference 6. The wave form of J% is 
repeated during the following half-cycle 
but with reversed sign (it is convenient 
to establish a new time origin each half¬ 
cycle). 

Development of the Nonlinear 

Treatment 

Rosenberg’s treatment of eddy-current 
loss in solid iron was the first attempt of 
practical value to account for the effect 
of saturation. It was based on an hy¬ 


pothesis which fitted quite well with the 
over-all test results then known. How¬ 
ever, the essential nature of the field 
problem was not considered, since Rosen¬ 
berg neglected both the phase shift in the 
field from layer to layer and the fact that 
the induction at any depth must have 
prominent time harmonics. As a result 
both Rosenberg’s and Barth’s treatments 
yield a sinusoidal flux for a sinusoidal 
current, which is known to be in error, 
especially when core materials are used 
whose characteristics approach Fig. 2. 

It has been shown here that the limit¬ 
ing nonlinear treatment takes into ac¬ 
count both the phase shift and the time 
harmonics. The test results reported by 
Hale and Richardson 6 confirm its valid¬ 
ity. 

Applications of Limiting Nonlinear 
Treatment 

Applications of this new theory have 
been restricted so far to the computation 
of eddy-current loss in thin sheets 6 and 
the explanation of certain effects in pulse 
transformer cores. 9 To illustrate the 
versatility of the theory, it will be used in 
two other problems of continuing interest. 
These are the computation of losses in 
solid iron conductors, and the design of 
inductive heating apparatus for use on a 
charge of solid iron. 

Losses in Iron Wire 

The first problem is to deduce the field 
configuration within the wire under the 
present assumptions. The current will 
flow in the axial direction, and the wire 
will become magnetized in a circumfer¬ 
ential sense. Suppose for the moment 
that a steady direct current flows in the 
wire. The current density will be uni¬ 
form, and application of Amperes law 
shows that H has a value everywhere 
within the wire, being zero at the center 
only. According to the assumed mag¬ 
netic characteristic, the induction will be 
Bg everywhere within the wire, directed 
circumferentially. Now if the direct 
current is reduced to zero the wire will 
remain in this magnetic state. 

Next suppose that a direct current of 
opposite sign is to be established. The 
new steady magnetic state will be at 
saturation induction, but in the opposite 
direction. The change in induction can 
occur only if H— 0. Ampere’s law leads 
to the conclusion that there must be a 
circular region within the wire which 
carries no current, such that EL— 0 at 
the boundary of this region; the induc¬ 
tion is the old value of, say, —B s in that 
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region. The new current to be estab¬ 
lished is forced to flow outside this region. 
As the new current builds up, the region 
is forced to shrink toward the 
center, and after a time complete reversal 
of the induction within the wire may be 
accomplished. 

Fig. 6 shows the wire, with the bound¬ 
ary between states +B S and ~B S lo¬ 
cated at r=r'. This moving boundary 
causes a change in the flux linkage with 
that part of the wire within the bound¬ 
ary, i.e., (rO'), while the part of the 
wire in the region (r'<r<R) sees no 
change in flux linkage (except the change 
in the field outside the wire, which is 
common to both regions and need not be 
considered). Since the axial electric 
field is the same in both regions, the re¬ 
sistance drop in the region carrying cur¬ 
rent can be equated to the drop due to the 
induced electromotive force in the region 
carrying no current. 

Right-handed cylindrical co-ordinates 
are used, Fig. 6. At time t, the surface 
of separation is located at r=r'. The 
electric field in volts per meter E z , im¬ 
pressed along the element whose area is 
dS, is to be computed. The flux linkage 
with that section at time t is 

X(/) = —B^r'—r^+B^R—r') webers 

per meter (23) 

At time (i-f-Ai), the surface has moved 
to (r'+Ar') and the flux linkage has 
changed to 

X(/+Af) = -5 s [(r , +Ar , )-r s ] + 

(r'+Ar')] webers per meter (24) 

On passing to the limit, it is found that 

(25) 


d\ dr> 

dt 2 V 


which is independent of r s . Therefore 
every element dS within the region 
(0<r<r') sees the same electric field im¬ 
pressed, which is 


dr ' 


E z = —25*— where (0 ^ r<r') 


(26) 


Outside this region the electric field E e 
is used up in ohmic drop only. (Conse¬ 
quently there is no reactive voltage due to 
partial flux linkages within this type of 
conductor.) 

The current density in the conducting 
annulus is 

dr ' 

J where (r'<r < R) ( 27 ) 

The total current being carried by the 
wire is 


i^wJiR 2 —r' 2 ) 
or 
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(28) 


dr 1 

«(/)== —2B s ir(r(R i —r ,2 )~ (29) 

which can be integrated to find the co¬ 
ordinate r f as a function of time 

fa -2TB s <T(R*-r' s )dr'=*f o l i(t)dt (30) 

The situation shown in Fig. 6 calls for 
i(t) to be positive, since the induction is 
being changed to +5*. If, for exam ple, 
i(t) in a sinusoidal function, then equa¬ 
tion 30 would become (0 <&>£<*) 


=-iro3<rB a R 3 amperes 


(36) 


g7r5* < r[r / »-35 s r'+2i?8] =- 


■(1— cos cat) 


The third situation occurs if the cur¬ 
rent is so large that r' becomes zero before 
the end of the half-cycle; if so, the wire 
exhibits a constant resistance for the re¬ 
mainder of the half-cycle, equal to its d-c 
resistance. 

The effective resistance may be com¬ 
puted for the case of pronounced skin 
effect (5<<i?). The loss density as a 
function of time will be in general, from 
equation 28 


(31) 

Three situations can be recognized in 
equation 31. First, the maximum cur¬ 
rent might not be sufficient to cause the 
surface of separation to move all the way 
to the center. An equivalent effect is 
caused by an increase in frequency. 
Under such conditions, the depth of 
penetration will be 

fi—R~r l min 

S<R (32) 

which is computed from equation 13 as 

(33) 


m 


Ji 

Pit)** —=s- 

<r T 2 a(R 2 -r' 2 ) 2 


watts 

per meter 8 (37) 


and the loss per meter of length will be 

m 


E(t)—’ 


watts per meter 


(38) 


in which r’ is a function of time which 
can be deduced from equation 30. The 
result is 


m 


y 2 tr<t 


m 


^B s <rS*(3R-S)~^ 

o w 

If now there is pronounced skin effect, 
i.e., S«R, the depth of penetration is 


^f a l i{t)dt 


watts per meter 


(39) 


If the current is a sinusoidal function 


8 S J-A 

T* Ri 


^ 2tRc 


URBscaa ( 34 > 

which expressed in terms of the maximum 
apparent surface current density, 7 sra «= 
iIxaax/2trR) amperes per meter, is 


t 


2 irR* 
sin 2 cat \ 


vi^^r attspermeter (4o) 

The average power dissipated in heat 
over the half-cycle will be 


i 


(35) 


p / St0} 1 f* sin 2 0 

* ■“’’fKa tcJ 0 +/J — qos 6 


The second situation which may be 
identified in equation 44 is that the 
current and frequency might be such that 
the surface of separation just reaches the 
center (r r = 0) at the end of a half-cycle. 
The current necessary to cause this condi¬ 
tion is found from equation 31 


(41) 


or 


POSITIVE DIRECTION 
FOR CURRENTS 


Fig. 6. Definition 
of symbols used in 
the cylindrical con¬ 
figuration 
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I B s u 4-\/2 

s;i7 watts 


per meter 


When this power is expressed in terms 
of the depth of penetration, as computed 
from equation 34, it becomes 




per meter (43) 


g* (2 / (JL (46) 

P L \3 2tRS<t) / \3tt 2irRS<r/ 

or, the new treatment yields (4 /t) = 
1.273 times as much loss as Rosenberg’s 
theory in the case of iron conductors with 
pronounced skin effect. The increased 
loss is attributed to the combined effect 
of phase shift within the field and the 
presence of time harmonics, both of which 
were neglected by Rosenberg. 


The effective resistance of the iron wire 
is defined by the expression P ft v=irma 2 i?«f/, 
yidding 

( zrrrr ) ohms per meter (44) 
3jr\2irR5<r/ 

A conductor whose cross section is not 
circular, such as a rail, can be treated 
according to equation 44 if the perimeter 
of the cross section is substituted for the 
quantity 2 rR. 

The depth of penetration, equation 35, 
is identical with that given by Rosenberg. 

It must be recognized, however, that 
there is a basic difference between the 
fidd modds assumed by Rosenberg, Wol- 
man, and others. This difference leads 
to higher losses computed according to 
the new treatment, as will be shown in 
equation 46. These similarities and dif¬ 
ferences will now be examined. 

Rosenberg assumes that the current 
density, at any instant, is a maximum 
at the surface of the conductor and de¬ 
creases at a uniform rate with depth, be¬ 
coming zero at depth S. Further, the 
current density at any levd is in time 
phase with the current density every¬ 
where dse. Thus the depth of penetra¬ 
tion and the depthwise average current 
density are rdated according to 

Imax* 2-trRSJma.x (45) 

while the actual maximum current den¬ 
sity, at the surface of the conductor, is 

2 J max* 

According to the new treatment, there 
is an annular region at any instant in 
which the current density is uniform 
while the rest of the conductor carries no 
current. The thickness of this annulus 
varies with time and the current density 
within the annulus varies with time also; 
see equations 30 and 27. However, when 
the annulus is thickest, the current is 
maximum, and the current density at that 
instant is the same as the average given 
by Rosenberg, equation 45. Thus it is 
Expected that both theories should give 
the same depth of penetration. 

The ratio of loss per meter computed 
by Rosenberg to that computed accord¬ 
ing to the limiting treatment is 


Inductive Heating of Iron in 
Single-Phase Fields 

The relationship between the surface 
field intensity and the total eddy current 
given by equation 20 for a plane configura¬ 
tion may be used for the treatment of 
inductive heating effects, if the least di¬ 
mension of the surface to be heated is 
much greater than the depth of pene¬ 
tration. E.g., if the applied field inten¬ 
sity is a sinusoidal function, equation 20 
becomes 

dz' 

2Bacrz r ~ sin ut (47) 


for each half-cycle. The location of the 
surface of separation between states 
—B s and -\-B s is 



and the depth of penetration is 



which is equivalent to equation 35. 

The current density in the conducting 
layer will be 


Js / -1- sin wt 

J = V BiOicrJumzx ■ 7 ■ = amperes 

z vl—cos w* 

per meter* (50) 

and the loss per square meter of surface 
area is 



watts per meter* (51) 

The average loss is 

p W atts 

3 it 1 <r 

per meter* (52) 

which is the equivalent of equation 42. 
Thus for sinusoidal currents, the conduc¬ 
tive and inductive heating processes are 


identical within the iron, and the same 
loss formula applies. This fact has been 
noted by Thornton in section 3.1 of 
reference 12. 

Practical design of an inductive heating 
installation requires a means to compute 
the terminal voltage of the exciting wind¬ 
ing. The real part of this voltage (in 
phase with the exciting current) will 
supply the resistive drop in the exciting 
circuit plus the equivalent resistance 
drop induced by the eddy-current losses. 
The reactive part "will consist of the 
reactive drop induced by the eddy cur¬ 
rents plus the reactive drop due to stray 
magnetic fields (e.g., the field existing 
in the space between the exciting winding 
and the surface to be heated). The real 
and reactive parts of the electric field 
induced by eddy currents will be com¬ 
puted next. The other components of 
terminal voltage may be computed by 
well-known methods. 

The electric field induced in the excit¬ 
ing current sheet due to flux within the 
iron is given by equation 19, which when 
combined with equation 48 yields 



where 

(0<f<ir/«) (53) 


which reduces to 



per meter (54) 

By Fourier analysis, the fundamental 
component is found to be 

V 2 BgOiJ smaxf" 8 ,4 ”| 

—T - Lii J 

volts per meter (55) 

The phase angle between the electric 
field and the exciting current is 

6 = tan _1 0.5 *26.6 degrees 

cos 0=2/•s/S =0.895 (56) 

Thus the new theory provides a means 
for computing the power factor of the 
load reflected into the exciting winding by 
the eddy currents. Such a computation 
was not possible using the Rosenberg 
treatment, since the effects of phase 
shifts within the field were not taken into 
account. The power factor of the eddy- 
current load is seen to be quite high. 
The relatively low power factor en¬ 
countered in inductive heating installa¬ 
tions is due to the reactive voltage of the 
unavoidably large stray magnetic fidds. 
It should be noted at this point that 
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Fig. 7 (left). In¬ 
duced electro¬ 
motive force of 
a search coil 
wound on a solid 
iron ring excited 
with sinusoidal 
current 





Fig. 8 (right). 
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the conductivity of iron varies considera¬ 
bly with temperature, and this effect 
should be taken into account when assign¬ 
ing values to <r in the various expressions. 
Of course the theory collapses entirely 
when the Curie point is reached; the 
magnetic behavior at this and higher tem¬ 
peratures follows the linear trea tme nt 
with permeability equal to that of air. 

Results of Experiment 

The wave form of induced electro¬ 
motive force as given by equation 54 has 
been checked experimentally, with the 
results being presented in Fig. 7 and 
Table I. Sinusoidal current was forced 


Table I. Key to Oscillograms of Fig. 7 


Oscillogram 

E 'citing 
Current, 
RMS 

Search Coil 
Voltage, 
Peak-to-Peak 
Volts 

1. 

.2.5_ 


2. 

. 5.0... 


3. 

. 7.5... 


4. 

.10.0... 


5 . 

.15.0... 


6. 

.20.0... 


7. 

.25.0.. 


8. 

.30.0. . 


9. 

.35.0.. 


10. 

.40.0. 


11. 

.45.0. 


12. 

.50.0....;; 



by connecting an adequate resistance in 
series with the exciting coil. The sinu¬ 
soidal current wave is included for pW p 
comparison, and its calibration varies 
among the different oscillogr ams The 
voltage calibration is the same for all. 

The specimen tested was a dosed ring 
of square cross section, 0.5 inch by 0.5 
inch, with mean diameter 5.375 inches, 
made of a particular grade of cast iron 
having good uniformity and high carbon 
content. Accordingly, the saturation in¬ 
duction is quite low and the resistivity is 
high, being 0.68 microhm-meter. Mag¬ 
netic data are given in Table II. The 
ring was covered with two layers of or¬ 
dinary black friction tape and then closely 
wound with 143 turns of American Wire 
Gauge-10 enamel-covered copper wire. 
A search coil of 12 turns was placed out¬ 
side the exdting winding. Tests were 
made at 60 cycles. 

The ostillograms show the charac¬ 
teristic sharp rise in voltage at the begin¬ 
ning of each half-cyde, and gradual de¬ 
cay, as given by equation 54. Further¬ 
more, they show the distinctive behavior 
expected when the depth of penetration 8 
becomes approximatdy equal to, or 
greater than, half the thickness of the 
ring. The induced electromotive force 
is sharply reduced to a small value and 
remains there until the magnetic process 


lo 20 30 40 50 

EXCITING CURRENT, AMR R.M.S. 

starts again at the beginning of the next 
half-cyde, the peak voltage at the begin¬ 
ning of the half-cyde being unaffected by 
the later complete magnetic reorientation 
of the ring. 

The peak-to-peak search coil voltage 
has been computed according to equation 
54, further modified by Rosenberg’s sug¬ 
gestion for determining B s as discussed in 
the following section. The depth of 
penetration 8 has been computed accord¬ 
ing to equation 49 using the same modifi¬ 
cation. These results as well as the 
measured search coil voltage, are pre¬ 
sented in Fig. 8. The oscillograms show 
the characteristics of overexdtation at 
about 20 amperes exdting current, while 
the depth of penetration becomes equal 
to half the thickness of the ring at 24 
amperes. (It should be noted again here 
that all computations are based upon the 
assumption of an infinite plane configura¬ 
tion.) 


Table II. Magnetization Curve of Cast Iron 
Ring, by Fluxmeter 


H, Amperes 
per Meter 

B, Weber per 
Square Meter 

0 . 

. o 

1,000. 


2,000. 


3,000. 


4,000. 


6,000... 


8,000. 


10,000. 


12,000. 
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Additional Remarks 

A very detailed set of experiments has 
been reported recently by Thornton, 12 in 
which the losses in mild steel pipe were 
determined as a function of frequency and 
of current. The objective of the experi¬ 
ments was to present an empirical method 
of design for conductive and inductive 
heating of iron vessels and pipes. It was 
found that the loss at constant frequency 
varied as the 1.57 power of the current, 
while the new theory predicts an ex¬ 
ponent of 1.50. 

A somewhat empirical way of deter¬ 
mining B„ originally proposed by Rosen¬ 
berg, does in fact lead to a loss exponent 
for this type of steel which is as near 1.57 
as the accuracy of available information 
allows. Rosenberg proposed that the 
value of B s to be used in a given problem 
should correspond to the maximum cur¬ 
rent carried per unit periphery of the 
conductor. If the magnetization curve 
for hot-rolled steel sheets (structural or 
“mild” steel) as given in handbooks is 
used in this way to compute the loss ex¬ 
ponent, excellent agreement with Thorn¬ 
ton’s value is obtained. However, the 
agreement extends only over Thornton’s 
range of test information which begins at 
about 7 oersteds, already well into the 
region where the induction ceases to 
change rapidly with applied field. 

This empirical method of assigning B s 
may be justified somewhat by inspection 
of equation 42. It is seen that the loss 
varies as the square root of B„. The 
induction increases only moderately with 


Discussion 

John F. H. Douglas (Marquette University, 
Milwaukee, Wis.): Hitherto it has been con¬ 
sidered that the penetration of flux into iron 
castings with a-c excitation is much re¬ 
stricted. It has been somewhat of a mys¬ 
tery how output coefficients for eddy- 
current brakes and dynamometers could be 
as large as they are. This new theory seems 
to shed light on this problem. It is to be 
hoped that the author will find a method of 
analysis based on a closer approximation to 
actual saturation curves. The assumed 
B-H curve in Fig. 4 and the test results in 
Fig. 8 certainly show impressive agreement 
with theory as proposed. 


Gordon J. Watt (Sperry Gyroscope Com¬ 
pany, Great Neck, N. Y.): This discussion 
is written to acknowledge Mr. McConnell’s 
presentation, offer some modifications which 
may extend the concept he proposes, and 
refer to some work done at Cornell Univer¬ 
sity which is pertinent to this paper. I 
shall outline a different concept which fol- 
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increasing applied field when appreciable 
saturation is present, and the theory does 
not apply in the case of small saturation. 
In view of the small changes in B s to be 
expected, and the further appearance of 
B s under the radical, the methodfor taking 
the variation of B a into account is not 
critical. Thus, the correlation between 
B a and field intensity as obtained from 
the saturation curve could be expected 
to yield reasonably good results. In sub¬ 
stantiation, the mechanics of the limit¬ 
ing nonlinear theory shows that the maxi¬ 
mum field intensity is just equal to the 
maximum amperes per unit of periphery, 
so that higher values of induction than 
that taken from the saturation curve 
would not be expected. 

Conclusions 

It has been shown that the theory of 
alternating fields in solid iron proposed by 
Wolman and others 7-9 , is a significant ad¬ 
vance in that the objections to Rosen¬ 
berg’s treatment are overcome. Further¬ 
more, a logical transition from the class¬ 
ical theory to the new theory has been 
demonstrated. The losses computed ac¬ 
cording to this theory are somewhat higher 
than those predicted by Rosenberg, as 
would be expected since the new theory 
accounts for both time harmonics of cur¬ 
rent density and phase shifts in the mag¬ 
netic field. 

Equations have been presented which 
show the usefulness of the new theory as a 
design method for inductive and conduc¬ 
tive heating installations. 

---4-— 


References 


1. Losses op Eddy Currents in Electric 
Brakes and Dynamos, R. Rudenberg. Satnmlung 
Elektrolechniscker Vortr&ge, Stuttgart, Germany, 
vol. X, 1906, pp. 269-370. 

2. Solid Iron Conductors and Eddy Current 
Brakes, E. Rosenberg. Elektrolechnik und Mas- 
chinenbau, Vienna, Austria, vol. 41, no. 49, 1923, 
pp. 701-17. 

3. Alternating Fields and Eddy Currents in 
Solid Iron with High Magnetic Saturation, 
J. B. Barth. Eleclrolechnick Tidsskrift, Oslo, Nor¬ 
way, vol. 48, no. 7, 1935, pp. 85—99. 

4. Rise op Flux Due to Impact Excitation: 
Retardation by Eddy Currents in Solid Parts, 
R. Pohl. Proceedings, Institution of Electrical 
Engineers, London, England, vol. 96, pt. 2, 1949, 
pp. 57-05. 

5. Influence op Eddy Currents on the Proc¬ 
ess of Flux Establisment, S. Ya Dunaevskii. 
Elektrichestvo, Moscow, U. S. S. R.» no. 2, Feb. 
1951, pp. 55-63. 

6. Mathematical Description of Core Losses, 
J. W. Hale, F. R. Richardson. AIEE Trans¬ 
actions, vol. 72, pt. I, Sept. 1953, pp. 495-501. 

7. On the Eddy Current Delay in Magnetic 
Switching Phenomena, W. Wolman, H. Kaden- 
Zeitschrift fir Technische Physik, Leipzig, Germany* 
vol. 13, no. 7, 1932, pp. 330-35. 

8 The Alternating Field in Saturated Solid 
Iron, G. Haberland, F. Haberland. Archiv fir 
Elektrolechnik, Berlin, Germany, vol. 30, 1936, pp. 
126-33. 

9. Application of Thin Permalloy Tape in 
Widb-Band Telephone and Pulse Trans¬ 
formers, A. G. Ganz. AIEE Transactions ( Elec¬ 
trical Engineering), vol. 65, April 1946, pp. 177-83. 

10. Comparison of Methods of Analysis of 
Magnetic Amplifiers, L. A. Finzi, G. F. Pittman, 
Jr. Proceedings, National Electronics Conference, 
Chicago, Ill., vol. 8, Jan. 1953, pp. 144-57. 

11 Eddy-Current Phenomena in Ferro-Mag¬ 
netic Materials, H. M. McConnell. Technical 
Report No. 14, Office of Naval Research Contract 
N7 ONR 30306 and 30308, Project No. 975-272 and 
275, Carnegie Institute of Technology, Pittsburgh, 
Pa., Aug. 1953. 

12. Resistance Heating of Mild-Steel Con¬ 
tainers at Power Frequencies, C. A. M. Thorn¬ 
ton. Proceedings, Institution of Electrical Engi¬ 
neers, London, England, vol. 99, pt. 2, 1952, pp. 
85-93. 


lows a similar path of reasoning but ends 
with the same set of conclusions he presents. 
With due respect to Mr. McConnell’s refer¬ 
ences, it is clear that a great deal of his own 
thought has gone into his concept of a square 
wave distribution of magnetic induction 
with time and depth in a ferromagnetic 
work piece. 

In particular, a comparison of Fig. 1 and 
Fig. 4 seems to indicate that his concept is 
valid. His means of test by forcing sinu¬ 
soidal current through an iron core solenoid 
are simple and the oscillograms presented in 
Fig. 7 are necessary to verify the theory he 
presents. If experience is any teacher, there 
are few who will comment on his paper and 
say his concept is right or wrong. Since his 
method of calculation yields predictable 
results, the concept itself does not wholly 
determine the importance of this work in 
the field. If the resulting equations may be 
used for design criteria in either of the fields 
he mentions, they are quite valuable. I 
haVe had occasion to apply a similar con¬ 
cept, yielding the same design criteria, to 
the design of shell motors. This work wa.s 
printed in a copyrighted technical publi¬ 
cation of the Sperry Gyroscope Company 


early in 1952. Tests result checked quite 
well with the theory presented there. 

My own fundamental work was done at 
Cornell University and culminated in a 
thesis 1 which is on file in the school library. 
Until I read Mr. McConnell’s reference to 
Mr. Ganz's application to thin permalloy 
tape, I was not aware of the latter’s work. 
And so at this time I wish to acknowledge 
Mr. Ganz’s fundamental idea as well as to 
compliment Mr. McConnell on his appli¬ 
cation of it to the concept which he pre¬ 
sents. The alternate concept which I shall 
now discuss was presented in the thesis and 
based on the concept of a moving barrier 
between saturated and nonsaturated regions 
in a ferromagnetic material. References to 
illustrations pertain only to Mr. McCon¬ 
nell’s paper. 

Referring to Figs. 2 and 3 and Mr. 
McConnell’s statement “if H is zero, the 
flux density is not necessarily changing,” it 
is clear that this is a peculiar material which 
is not commonly used for the examples he 
has illustrated, viz., heating of an iron wire 
and inductive heating of iron. Let us con¬ 
sider what happens in the case of another 
peculiar material which is not representative 
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of common materials. In this material the 
flux density is defined at zero in the region of 
H equal to zero. To accommodate the 
total flux, in a case similar to that out lin ed 
by Mr. McConnell, the lower boundary will 
move back toward the surface instead of a 
new boundary starting from the surface 
each time the total flux begins to decrease. 
The flux density below the lower boundary 
reduces to zero as the boundary moves out* 
ward. Following this line of reasoning 
yields equations 19 and 20 for voltage and 
current without a coefficient of two. Fol¬ 
lowing through with a parallel reasoning 
used to obtain equations 47 through 56, ex¬ 
pressions for current voltage and power are 
obtained which yield the same conclusions 
McConnell has reached. The predicted 
wave shapes are the same as those shown in 
Fig. 7, and the plot of voltage and skin depth 
versus current is as shown in Fig. 8. There¬ 
fore neither concept is confirmed or denied 
by the data presented in the paper under 
discussion. 

Now suppose that a typical material is a 
combination of the two peculiar materials 
discussed and that the flux density in the 
typical material collapses to some residual 
value when H is in the vicinity of zero. 
Then the inner boundary will move outward 
and during the same cycle the outer bound¬ 
ary will move inward to accommodate the 
total flux. Will such a com bination of 
these extreme concepts produce an equiva¬ 
lent result, to either of the extremes, no mat¬ 
ter in what proportions they are miy^ or 
whether or not they occur concurrently or 
in succession? My present considerations 
lead me to believe that the only difference 
will be in the time and space distribution of 
the current density in the penetrated layer. 
The equivalent impedance, average power 
loss, and depth of penetration will not be 
affected. These remarks are offered for 
what value they may be to Mr. McConnell 
or others doing work in this field. 

Not having followed recent work in the 
field of induction heating, I was interested 
to read Mr. McConnell's reference to Thorn¬ 
ton’s work (ref. 12 of the paper). As a set 
of additional remarks to this discussion, I 
should like to recommend a theoretical ap¬ 
proach to the practical case of predicting 
losses and skin depth as a function of applied 
field. This approach was worked out in my 
thesis, 1 and was made to cover the normal 
range of field strengths used in induction 
heating practice. By a method patterned 
after the work of H. F. Storm, 8 the work 
piece is broken down into a finite number of 
layers of constant thickness. An effective 
permeability and conductivity are assigned 
to each layer as determined by the B-H 
curve for the material and the temperature 
distribution assumed. These empirical 
values are inserted into a finite series. 

Applied to the case of a mild steel, at con¬ 
stant frequency, this method produced a 
calculated power loss and skin depth as a 
function of field strength to the 1.61 and 
0.39 power respectively. For low and high 
field strengths, these powers approached 
1.50 and 0.50, having reached the extreme 
values mentioned above at normal field 
strengths used in induction hardening. 

No complete tests were run to verify this 
theory, but for a given steel it produced 
values corresponding to those of Brown, 
Hoyler, and Bierwirth for low field 


strengths, 3 and for high field strengths to 
those determined by the method presented 
in this paper. Mr. Thornton’s data pro¬ 
vide a further indication that the theory 
may be useful. 
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H. M. McConnell: A depth of penetration 
of several millimeters can occur in a ma¬ 
terial such. as mild steel, at power fre¬ 
quencies. This fact was recognized by 
Rosenberg, and his design calculations and 
test results on eddy-current brakes agree 
rather well. At that early stage, however, 
the design procedures were necessarily not 
as rational as our present knowledge allows. 
I too hope that this paper may be of use in 
the design of eddy-current brakes. I wish 
to thank Professor Douglas for his com¬ 
ments in this regard. 

Mr. Watt raises the question of a com¬ 
parison of his own treatment, developed in 
his thesis, with the one proposed in this 
paper. I propose to compare Mr. Watt’s 
suggested approach with the one presented 
in this paper, in three situations for which 
experimental evidence is readily obtained. 

The first situation is the application of a 
sinusoidally varying exciting current, as has 
been discussed in the paper. The induced 
electromotive force of a search coil enclosing 
all the resulting flux is sketched in Fig. 9(A). 
The same quantity predicted according to 
Mr. Watt’s theory is sketched in Fig. 9(B). 
The corresponding experimental check has 
been given in the paper, and is presented in 
Fig- 7. A similar result is derived by a 
simplified analysis in reference 8 of the 
paper. 

The second situation is the forcing of a 



Kg. 9. Applying sinusoidally varying excit¬ 
ing current 

A—From the paper 
B—From Mr. Watt 



Fig. 10. Forcing sinusoidally varying flux to 
exist in the material 

A—From the paper 
B—From Mr. Watt 


sinusoidally varying flux to exist in the ma¬ 
terial. The exciting current for this con¬ 
dition is given in equation 22 and is shown in 
Fig. 10(A). The exciting current accord¬ 
ing to Mr. Watt’s theory is shown in Fig. 
10(B). This condition may be duplicated 
by experiment, approximately, if a sinu¬ 
soidally varying voltage is applied to the 
terminals of the exciting winding on a closed 
solid iron core, and a sufficiently large capac¬ 
itor is connected in parallel with the wind¬ 
ing to offer a low impedance to harmonic 
currents. The results of such an experi¬ 
ment are displayed in Fig. 11. The 
sinusoidal trace is the voltage applied to the 
exciting winding, and the second trace is in 



Fig. It. Applying sinusoidally varying 
voltage to terminals of exciting winding 
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Fig. 12. Determination of wave form of cur* 
rent density 

A—From the paper 
B—From Mr. Watt 

each case the resulting current flowing in the 
exciting winding. The rms exciting field 
intensities are approximately 5,000, 3,300, 
and 1,650 amperes per'meter at 60 cycles. 
The winding and ring are the same as those 
used in the experiments described in the 
paper. 

Fig. 11 shows the presence of both linear 
and saturated magnetization processes, as 


might be expected. Comparison of the 
theory given in the paper with that given by 
Mr. Watt may be made by observing the 
harmonic content of the exciting current. 

Finally, a third situation investigated by 
Brailsford 1 is the determination of the 
wave form of the current density at various 
levels within a sheet of steel, when a sinu¬ 
soidally varying total flux was caused to 
flow. This situation may be attacked by 
both the theory of this paper and Mr. Watt's 
theory, with the results presented in Figs. 
12(A) and (B) for one such level. The re¬ 
sults obtained experimentally by Brailsford 
agree well with Fig. 12(A). 

I do not agree that Mr. Watt’s equations 
and those developed in this paper yield the 
same losses. For example, in the case of 
sinusoidal flux, the losses predicted by Mr. 
Watt are 0.848 times those predicted in this 
paper. It is true that the dimensional be¬ 
havior of the losses with respect to frequency 
and applied voltage are the same in the two 
theories. However, this agreement in di¬ 
mensional behavior is due to our common 
assumption that a “boundary layer” exists. 
The other comparisons presented in this dis¬ 
cussion prove that the basic mechanics of 
Mr. Watt’s field model are not realistic. 

A further demonstration of fallacy in Mr. 
Watt’s field model may be obtained from 
the energy principle. Mr. Watt postulates 
that the “boundary layer” returns from the 
interior of the material to the surface during 
the second half-cycle in the case of sinu¬ 
soidal current, or the second quarter-cycle 
in the case of sinusoidal flux. This state¬ 
ment can be supported only by the existence 
of a stored energy within the material. Let 


this stored energy accumulated over one 
interval be S; the material is relaxed at the 
beginning of a double interval. Also Mr. 
Watt’s theory yields the result that the 
energy input from the excitation source is 
the same during each interval, half- or 
quarter-cycle, as the case may be. Let this 
input per interval be W. Let L be the 
energy loss during each interval; inspection 
of Mr. Watt’s theory shows that L is the 
same for each. Therefore, the interval 
while the material is being magnetized yields 
■^=5+1- and the next interval yields 
PF-{-^=L. A solution is possible only if 
S— 0, or the boundary layer cannot return 
toward the surface. 

The process of energy flow demonstrated 
in this paper differs fundamentally from that 
assumed by Mr. Watt, as it is shown in the 
paper that energy always enters the ma¬ 
terial from its surface, propagating in waves 
toward the deepest penetration without 
reflection. This flow is characteristic of 
electromagnetic processes when no storage 
of energy occurs. 

The basic differences between the two 
analyses pointed out in this closure give evi¬ 
dence of the dangers inherent to any reason¬ 
ing based on extremely idealized models. 
It must be thoroughly understood in ad¬ 
vance that even the limiting case of a phe¬ 
nomenon must obey all the physical laws 
which pertain to the phenomenon itself. 
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Basic Theory and Experimental 
Verification of the A-C Galvanometer 
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Purpose and Scope 

T HE purpose of this paper is twofold; 

to advance an integrated account of 
the basic theory underlying the perform¬ 
ance of the iron-cored a-c galvanometer 
when used as a null detector in an a-c 
bridge and to advance experimental veri¬ 
fication of this theory. 

Essentially, an a-c galvanometer com¬ 
prises a moving coil—rectangular in 
shape, light in weight, and comprised of a 
number of turns of fine wire—vertically 
suspended between the poles of an elec¬ 
tromagnet by two taut wires. The lower 
wire is anchored; the upper wire can be 
torsed by rotation of an externally 
mounted knob, thus enabling mechanical 
adjustment of the initialrest position of the 
moving coil and of the pointer fixed to it. 


WILLIAM KNEEN 

NONMEMBER AIEE 


The electromagnet comprises a laminated 
silicon-steel yoke excited by a winding 
supplied at a low voltage from the drop 
across one portion of a suitably subdivided 
resistor connected across a 110-volt a-c 
source. The magnetic field produced by 
the winding can be slightly modified by 
superposition of the eddy-current field 
induced in a steel strip which can be ro¬ 
tated at will over a limited angular range 
of position. 

The circuit diagram pertinent to use of 
the a-c galvanometer as a null detector 
in an a-c bridge is typified in Fig. 1. Ob¬ 
viously, as the detecting element of an a-c 
bridge, the a-c galvanometer is connected 
in the bridge in the same manner as a 
D’Arsonval galvanometer in a d-c Wheat¬ 
stone bridge. However, whereas the 
current through the moving coil of a D’Ar¬ 


sonval galvanometer has but one com¬ 
ponent (that stemming from the potential 
difference between the two junctions of 
the bridge to which its moving coil is 
connected), the current through the mov¬ 
ing coil of the a-c galvanometer has two 
components; one stemming from the 
potential difference between the two 
junctions of the bridge to which the mov¬ 
ing coil is connected, the other from the 
voltage generated in the moving coil by 
the alternating magnetic field of the elec¬ 
tromagnet. In consequence, the net 
electromagnetic torque acting on the mov¬ 
ing coil also comprises two components, 
one being produced by each of the two 
components of current. The component 
of torque stemming from the induced 
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110-VOLT 
A-C LINE 


fig. 1. Circuit diagram of galvanometer 
connected as a null detector in an a-c bridge 

voltage is, in general, much larger than 
the component of torque stemming from 
the unbalance of the bridge. In conse¬ 
quence, use of the galvanometer as a null 
•detector for the component of current 
■stemming from the bridge circuit is pos¬ 
sible only if the component of torque due 
to the induced component of current is 
eliminated or otherwise manipulated so 
that the galvanometer coil is sufficiently 
insensitive to it. 

Because of a sensitivity comparable 
with that of the D’Arsonval galvanom¬ 
eter, those books on electrical measure¬ 
ments which mention the iron-cored a-c 
galvanometer cite it as that moving coil 
instrument best suited to use as a null 
detector for power-frequency a-c bridges. 
^ e t. of the mere six of the senior author’s 
collection of all consequential books in 
English, French, and German on elec¬ 
trical measurements which do mention 
and so cite the a-c galvanometer, only 
two state the afore-mentioned diffi culty 
which is encountered in trying to use the 
instrument as a null detector, and none 
discuss means of overcoming this dif¬ 
ficulty. Further, none of these books ad¬ 
vance the analytic theory of the instru¬ 
ment wherefrom a user might deduce 
means of eliminating the undesirable 
torque due to the induced component of 
current. Accordingly, the prime purposes 
of the present paper are to fill in these 
gaps and to advance specific information 
enabling ready use of the a-c galva¬ 
nometer. 

The essential content of the paper may 
be epitomized as follows: 

1. References 1 through 9 are summarized 
for consequential content. This review 
evidences that Terry* first suggested that 


the undesirable torque resulting from the 
current induced in the moving coil of the 
galvanometer can be eliminated by inserting 
capacitive or inductive (as necessary) re¬ 
actance in series with the moving coil, of 
such magnitude as to render the equivalent 
impedance of the circuit containing the 
moving coil a pure resistance. 

2. An analytic equation for the perform¬ 
ance of the a-c galvanometer when used as a 
null detector in an a-c bridge is deduced 7 
from Weibel’s general mathematical theory 
of the response of the a-c galvanometer to 
an impressed periodical electromotive force 
of arbitrary wave shape. This equation 
yields theoretical confirmation of the sound¬ 
ness of Terry’s suggestion. 

3. Account is given of the experimental de¬ 
termination of the magnitude of the series 
capacitance required to eliminate the unde¬ 
sired torque when the a-c galvanometer is 
used as a null detector in a Maxwell induct¬ 
ance bridge, and of the magnitude of 
series inductance required when used as a 
detector in a Wien capacitance bridge. The 
experimental values prove to be in excellent 
agreement with corresponding theoretically 
calculated values. This excellent agree¬ 
ment of experimental and theoretical values 
substantiates the correctness of the analysis 
remarked in item 2 and indicates both that 
the method of eliminating the undesired 
torque by insertion of a proper magnitude 
of reactance in series with the moving coil is 
satisfactory in practice and that the correct 
value of reactance therefore can be easily 
calculated. 

Review of Previous Work 

The first account of the use of the iron- 
cored a-c galvanometer as a null detector 
in an a-c bridge appears to be that by 
Stroud and Oates. 1 They conjectured 
that inasmuch as this galvanometer is 
capable of great sensitivity it ought to 
prove an ideal detector for low-frequency 
a-c bridges as used for the measurement 
of capacitance or inductance. In con¬ 
firmation of this conjecture they built and 
tested several instruments. 

They wound the moving coil of their 
first instruments on a wooden frame, but 
this gave rise to the following difficulty. 
By well-known theory, if a closed coil is 
suspended in an alternating magnetic 
field, the current induced in the coil re¬ 
sults in an electromagnetic torque that 
causes the coil to take up a position such 
that it includes a minimum number of 
lines of flux and also causes it to be very 
stable in this position. The moving coil 
of an a-c galvanometer is always closed 
through external impedance when used 
as a null detector in an a-c bridge. In 
consequence, the voltage generated in the 
moving coil by the alternating magnetic 
field of the electromagnet produces a 
current which results in a strong torque 
which, when the bridge is near balance, 
obscures the much weaker torque pro¬ 


duced by the current resulting from the 
unbalance of the bridge. 

Stroud and Oates subsequently elim¬ 
inated this undesirable torque by wind¬ 
ing the moving coil on a broad copper 
frame. The eddy currents developed in 
the vertical sides of the copper frame re¬ 
sult in a torque which tends to turn the 
frame so that it includes a minimum 
number of lines of flux. As the plaue of 
the broad sides of the frame is at right 
angles to the plane of the coil, this frame 
torque tends to counter the undesirable 
torque exerted on the moving coil. Stroud 
and Oates made the torque on the frame 
of substantial value and brought the in¬ 
strument back to zero by balancing the 
frame torque against the undesired 
torque, this latter being controlled in mag¬ 
nitude by shunting the moving coil with a 
resistor. 

In 1905 Terry published an article 
which encompassed, more or less, a con¬ 
tinuation of the work initiated by Stroud 
and Oates. Terry’s article is primarily 
concerned with the measurement of the 
temperature coefficient of capacitors 
(Stroud and Oates had earlier conjectured 
that capacitors have a temperature co¬ 
efficient) through the use of an a-c gal¬ 
vanometer. He, more specifically than 
Stroud and Oates, pointed out the prime 
difficulty to be encountered in the use of 
this instrument stating “The great dif¬ 
ficulty in manipulating the instrument is 
due to the fact that a closed coil suspended 
in an alternating magnetic field takes up a 
position of great stability such that its 
axis is at right angles to the field or so that 
the coil itself will include a minimum 
number of lines of force. Since, in any 
use of the instrument the coil must neces¬ 
sarily be closed through a greater or less 
resistance, this stability reduces the sen¬ 
sibility enormously.” 

Like Stroud and Oates, Terry found 
that the use of a copper frame necessarily 
limited the range of sensitivity of the in¬ 
strument. Thus, if there was sufficient 
capacitance in the external circuit, it 
would produce a leading current in the 
moving coil. In turn, this current would 
produce a torque which would have the 
same effect as the torque on the sides of 
the frame, making it necessary to shunt 
the moving coil with such a small resistor 
that sensitivity was greatly reduced. 

The essential origin of the undesired 
torque is easily noted by the aid of the 
vector diagram of Fig. 2. Thus, quoting 
Terry s article, “If OA represents the flux 
in the field, then the vector OB would 
represent the current induced by it in the 
galvanometer coil, providing it had no 
inductance but simply resistance. There 
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would then be no force acting upon the 
coil, for the product of two vectors at 
right angles is zero (i.e., torque = current 
X flux X cosine of the angle between the 
two). Since, however, the coil possesses 
inductance, the current lags behind OB 
and may be represented by a vector such 
as OC. The component OD of this vector 
being 180° behind OA gives the repulsion 
producing the objectionable stability.” 
On the basis of this analysis Terry then 
pointed out that if sufficient capacitance 
were connected in series with the moving 
coil so as to cause OC to advance to the 
position of OB, the objectionable torque 
would be eliminated. Terry states that 
he used this method of annulling the unde¬ 
sired torque; however, no corresponding 
experimental data are given in his paper. 
In virtue of the resulting sensitivity of the 
a-c galvanometer when so compensated, 
Terry was able to establish that capaci¬ 
tances had an appreciable negative tem¬ 
perature coefficient. 

In 1906 Abraham 3 pointed out that, if 
there is any dissymmetry in the construc¬ 
tion of an a-c galvanometer, the alternat¬ 
ing field generated by eddy currents in 
the fixed metal parts will produce a strong 
turning moment on the moving coil, in 
one direction or the other. This fact sug¬ 
gests that the objectionable torque due 
to the induced current might be elimi¬ 
nated by deliberately introducing a dis¬ 
turbing metallic element which will result 
in a torque which is equal and opposite to 
the undesired torque. (The instrument 
used in the experimental work to be de¬ 
scribed encompasses such an element, a 
bent steel strip, for overcoming the ob¬ 
jectionable torque; however, this device 
proved inadequate when the galvanom¬ 
eter was used in highly reactive cir¬ 
cuits.) Abraham also pointed out that a 
series capacitor (as suggested by Terry) 
can be used to annul the undesired torque 
produced by the induced current in the 
moving coil. 

In 1906 Trowbridge and Taylor 4 dis¬ 
cussed the use of the a-c galvanometer for 
the measurement, by comparison, of 
capacitances and inductances. By use of 
a special bridge circuit nearly free from 
distributed capacitances they were able 
to make measurements to an accuracy of 
one part in 10,000. 

In 1907 Taylor 6 rediscussed much of 
what Terry had covered earlier. In par¬ 
ticular, he stressed that the direction of 
the undesirable torque produced on the 
moving coil depends on whether the cur¬ 
rent leads or lags the induced voltage pro¬ 
ducing it. 

In 1908 Sumpner and Phillips 6 dis¬ 
cussed some of the various uses for which 


they had employed the a-c galvanometer. 
In designing an instrument for these uses, 
they made a special effort to obtain the 
magnetic field as nearly in quadrature 
with the exciting voltage as was possible, 
thus attempting to annul the undesired 
torque through obtaining a 90-degree 
phase angle between the flux of the main 
field and the current resulting from the 
induced voltage in the moving coil. 

In 1918 Weibel 7 carried out a thorough 
mathematical analysis of the motion of 
the moving coil of an a-c galvanometer 
in response to a periodic impressed volt¬ 
age of arbitrary wave form. Pie also 
analyzed the important operating con¬ 
stants of the instrument, their effect on 
the motion of the coil, and the effects of 
circuit reactance on the action of the in¬ 
strument. 

Recently, Dalmijn 8 and Milatz, Endt, 
Alkemade, and Olink 9 have given an ac¬ 
count of certain interesting uses and prop¬ 
erties of the a-c galvanometer, but this 
work has no direct bearing on the prime 
interest of this paper. 

Fundamental Theory of Operation as 
a Null Detector 

In the preceding section it is remarked 
that if a closed coil is suspended in an al¬ 
ternating magnetic field the torque re¬ 
sulting from the induced current will 
cause it to take a position such that it in¬ 
cludes a minimum number of lines of flux 
and it will be very stable in this position. 
Terry suggested that if the impedance in 
series with the moving coil is made purely 
resistive this undesired torque due to the 
induced current will be annulled. Ana¬ 
lytically, this fact can easily be deduced 
from Weibel’s analysis. Thus, the govern¬ 
ing equation of motion as deduced by 
Weibel is 




—— COS (ctn—Pn — yn) — 

Zn 

n — x 

00 

„ \ ^ naGn 2 . 
floT.—— sin y» (1) 

TO » l 

where 

2T=the moment of inertia of the moving 
system 

0=the angular deflection from the reference 
position 



D = damping constant 

G n —the rate of change with deflection of the 
effective value of the wth harmonic 
of the total flux 

Z n = the impedance of the complete moving 
coil circuit to the current of the nth 
harmonic frequency 

y „=the phase angle of lead of the nth har¬ 
monic of the current ahead of the elec¬ 
tromotive force (emf) producing it. 

J7=the moment of restoration acting on the 
moving system 

n=the degree of harmonic (n = l for the 
fundamental frequency) 

«=2ir times the fundamental frequency 

En — the effective value of the nth harmonic 
of the impressed emf 

a n =■ the phase angle of lead of the nth 
harmonic flux ahead of the funda¬ 
mental flux 

/3 ra = the phase angle of lead of the nth har¬ 
monic of the impressed emf ahead of 
the fundamental flux 

0o= the deflection for no flux through the 
coil 


For the case of a sinusoidal magnetic 
field and a sinusoidal impressed emf of the 
same frequency, equation 1 reduces to 


k6+(d +j cos yJ6+(l sin *)* 


GE . «G 2 . 

cos (0+y) —r* sin y (2) 
Z 2 


Under steady-state conditions, 8 and 
6 are each zero and equation 2 yields 

T «G 2 “I GE , a . , 
ej U — — sin yj = — cos (/S+y)- 

coG 2 . . 

0 O —-sin y (3) 


If the equivalent impedance in series 
with the moving coil is changed by adding 
impedance so as to finally obtain a pure 
resistance circuit, y then equals zero and 
equation 3 gives 

0»*U=—cosP (4) 


and thus 

GE 0 ,<s 

Oss^j^cosp (5) 

Inasmuch as Z-R', equation 5 can be 
written as 


04J 


GE 

R'U 


cos 0 


( 6 ) 


We note that equation 6 indicates that 



Fig. 2. Vector diagram of a-c galvanometer 
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TO MOVING COIL 


Fig. 3. Circuits for checking condition of 
zero torque in pure resistance circuit 

the steady-state deflection is independent 
of the induced voltage in the moving coil 
when the equivalent impedance of the 
circuit containing the moving coil is 
purely resistive. 

Deflection for No Flux Through Coil 

Under steady-state conditions equation 
2 reduces to 

/ «G 2 . \ GE 

^ U~~ sin 7 JO** -y cos (/?+ 7 )- 

coG 2 

Ba ~z~ sin 7 ( 7 ) 

If no emf is impressed in the circuit of 
the moving coil, £= 0 , and equation 7 
gives 

(TT UG * • \ a «G 2 

z sm 7 ** s * n y (8) 

Solving for 6 sa yields 

i? . i 00 

1- VZ (») 

coG 2 sin y 

Equation 9 can be written as 


kss JL 

k uG 2 ( 12 ) 

Finally, equation 10 can be written in 
the form 

0 S 1 

* k 6s3 ~ 1+ k (13) 

Equation 13 is the slope intercept form 
of the equation of a straight line. Therein 
f **' 1 is the independent variable, the slope 
is do/k, and the ordinate intercept is 


+l/k. Obviously, if x = Z /sin y is plotted 
1 as a function of 6 sa ~\ the slope and the 
intercept of the resulting curve can be 
L measured and 0 O determined therefrom, 
since 

(—slope/ordinate intercept) =* 0 „ ( 14 ) 

This analysis suggests a means of ex¬ 
perimentally checking Weibel’s theory. 
Thus, the data necessary to plotting the 
curve of equation 13 can be obtained by 
connecting the moving coil to a series 
combination of resistor and capacitor, the 
resistor set at a convenient fixed value 
which serves to properly limit the maxi¬ 
mum deflection, and the capacitor then 
varied to obtain the desired data. In ob¬ 
taining such data the following is to be 
kept in mind. Since the pointer position 
corresponding to 0 o = O, or 0 i4 = O (when 
the initial position is at — 0 ) is unknown 
at the outset, it is logical to set the in¬ 
strument mechanically to the scale zero, 
but 0 o —0 may not be coincident with this 
position. The resulting value from equa¬ 
tion 14 for & will therefore be the number 
of divisions to the right or left of the 
scale zero that locates 0 O =0. The reason 
for such is, of course, that the data for the 
determination of 0 <j are taken with the in¬ 
strument initially at scale zero rather than 
0o=O. As found in the experimental in¬ 
vestigation mentioned in the section en¬ 
titled “Experimental Confirmation of 
Theoxy,” the difference between 0 o =O and 
scale zero proved to be very f or the 
instruments used in the investigation. 

Zero Deflection as an Indication of 
Pure Resistance 

When no emf is impressed in the ex¬ 
ternal circuit, as in the case where a series 
combination of inductance and capaci¬ 
tance is connected directly across the ter¬ 
minals of the moving coil, the steady-state 
deflection is given by equation 9 . Inas- 1 
much as when 7 = 0 , the denominator of ^ 
equation 9 becomes infinite, and thus ^ 
0 M = O, equation 10 suggests a means of { 
measuring inductance or capacitance by 
use of a calibrated variable capacitor or in- ] 
ductor in a circuit such as evidenced in 
Fig. 3. t 


Experimental Confirmation of Theory 

Apparatus 

The galvanometers used in the experi¬ 
mental work were two Leeds and North- 
rup a-c galvanometers, serial numbers 
263,585 and 502,747. The resistance of 
the moving coil of the former was 254 
ohms; that of the latter was 20.5 ohms. 



moving coil 
(a) 



-O MOVING COIL O—-1 

(B) 

Fig. 4. Test circuits using (A) Maxwell 
inductance bridge, end (B) Wien capacitance 
bridge 


The zero adjustments, bent steel strips, 
were removed from the galvanometers 
for the course of the experimental work. 
Additional pieces of equipment included 
several Comell-Dubilier decade capacitor 
boxes, General Radio decade capacitor 
boxes, General Radio variable inductors, 
and General Radio fixed inductors. 

Purpose 

The experimental work fell into two 
parts. In the first part the galvanometers 
were used as detectors in bridge circuits. 
The purpose of this portion of the in¬ 
vestigation was not to measure induct¬ 
ance or capacitance but to obtain veri¬ 
fication of the theoretically indicated fact, 
that the undesired torque due to the in¬ 
duced current can be eliminated by con¬ 
necting inductance or capacitance in 
series with the moving coil so that, ef¬ 
fectively, the latter is connected in a pure 
resistance circuit. The second part of the 
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Table I. Data on the Inductance Bridge/ Fig. 4(A) 


Rtand 
XUs Ohms 


Rt and 
Ri, Ohms 


AL or 
AR 
Units 
Indicated 


Per-Cent 

Change Number 

in L of Dir. 
or R Change 



500 .... 

.28.16.... 

..36... 

.. on zero 


500. 

.28.16.... 

..36... 

. .Lt of 50 mh... 


500 .... 

.28.16.... 

..36... 

... Rt of 10 ohms. 


500 .... 

.28.16.... 

..46... 

. .Ls of 50 mh... 


500 .... 

.28.16.... 

..46... 

... Rt of 10 ohms. 


500 .... 

.28.16.... 

..30... 

.. .Lt of 50 mh... 


500 .... 

.28.16.... 

..30... 

_ Ri of 10 ohms. 


400 .... 

.35.1 _ 

..47... 

... on zero 


400 .... 

.35.1 .... 

..47... 

... Lt of 50 mh.. 


400 .... 

.35.1 .... 

..47... 

... Rt of 10 ohms. 


400 .... 

..35.1 .... 

..60... 

... Lt of 50 mh.. 

429.' 

400 .... 

..35.1_ 

..60... 

... Ri of 1 ohm* 


400 .... 

.35.1 _ 

...40... 

.. . Lt of 50 mh.. 


400 .... 

..35.1 .... 

...40... 

... Rt of 10 ohms 


300 .... 

..47.0 .... 

...73... 

... on zero 


300 .... 

..47.0 .... 

...73... 

.. .Lt of 50 mh.. 


300 .... 

..47.0 .... 

..73. .. 

... Rt of 10 ohms 


300 .... 

..47.0 .... 

. .63. .. 

.. .Li of 50 mh.. 


300 .... 

..47.0 .... 

..63. .. 

... Ri of 10 ohms 


300 .... 

..47.0 .... 

...80... 

.. ,Z.t of 50 mh.. 

1 300 .... 

..47.0 .... 

...80... 

... Rt of 10 ohms 

1 3? 

50 f 


. . OO . . 

.. .Lt of 5 mh... 

{ 32. 

50t.... 


• • • 

... Rt of 1 ohm*. 


♦Deflection too large with change of 10 ohms in R. 

tWhen L becomes as low as 100 mh, capacitance is no longer needed to zero the galvanometer. For the 
above values C, ==* (short-circuited). 

Note: Data not taken with measurement of inductance as aim but to determine the effect of the com¬ 
pensating impedance on sensitivity. Galvanometer no. 592,747 was used. 


Table II. Data on the Capacitance Bridge, Fig. 4(B) 


Riand 
Ri, Ohms 


Ri and 
Ri, Ohms 


1,000.i 10. 


c„ 

Mfd 

Ls 

Henrys 

La Exp., 
Henrys 

Change in C 
from Ct, Mfd 

.1.985... 

..1.76 ... 

1.76 


.1.985... 

..1.76 ... 

1.76 

_0.001.... 

.1.985... 

...1.76 ... 

.. 2.76 

....0.001.... 

.1.985... 

...1.76 ... 

..Ls < 1.76# 


.0.955... 

...3.52 ... 

.. 3.52 


.0.955... 

...3.52 ... 

.. 3.52 

_0.001.... 

.0.955... 

...3.62 ... 

.. 4.00 

_0.001_ 

.0.955... 

...3.52 ... 

..Ls < 3.52* 


.2.942... 

...1.172... 

1.172 


.2.942... 

...1.172... 

1.172 

....0.001- 

.2.942... 

...1.172... 

1.5 

....0.001.... 

.2.942... 

...1.172... 

. .Ls < 1.172* 


.4.197... 

...0.879... 

.. 0.879 


.4.197... 

...0.879... 

0.879 

....0.001.... 

.4.197... 

...0.879... 

1.0 

_0.001.... 

.4.197... 

...0.879... 

..Ls < 0.879* 


.4.942... 

...0.704... 

0.704 


.4.042... 

...0.704... 

0.704 . 

_0.001... 

.4.942... 

...0.704... 

1.0 

.....0.001.... 

.4.942... 

...0.704... 

. .Ls < 0.704* 


.5.769... 

...0.586... 

.. 0.586 


.5.759... 

...0.586... 

0.586 

.0.001... 

.5.759... 

...0.586... 

1.0 

.0.001... 

.5.759... 

...0.586... 

..Ls < 0.586* 



♦When Ls is less than indicated value, it is not possible to zero the instrument. 
Note: Galvanometer no. 502,747 was used. 


investigation was devoted to experimental 
investigation of the theory, deduced from 
Weibel’s equation of motion of the mov¬ 
ing coil, outlined in the two preceding 
sections. 

Data Taken and Associated Circuits 

The data of Table X were taken with 
the Maxwell inductance bridge of Fig. 
4(A). To obtain these data the bridge 
was balanced by setting its impedance 
values so as to satisfy the known equa¬ 


tions of balance, and the series capaci¬ 
tance then was adjusted until the pointer 
stood at zero. The data of Table II were 
taken with the Wien capacitance bridge 
of Fig. 4(B). In obtaining these data 
the bridge was balanced by setting its im¬ 
pedance values so as to satisfy the known 
equations of balance, and the series 
inductor then was adjusted until the 
pointer stood at zero. This experimental 
work serves to check the efficacy of the 
method of eliminating the undesired 


torque originally suggested by Terry. 

Data are also given in Tables I and II 
for values of deflection corresponding 
to values of 1> and C greater and smaller 
than the calculated value of the compen¬ 
sating impedance. It is to be noted that 
the sensitivity of the instrument is greatly 
affected by the value of the compensating 
impedance. 

A series of experiments was then run to 
enable comparison of the sensitivities of 
the two galvanometers. The two in¬ 
struments differ in the resistance of the 
moving coils: galvanometer no. 263,585 
has a coil resistance of 254 ohms; galva¬ 
nometer no. 502,747 has a coil resistance 
of 20.5 ohms. The results of these experi¬ 
ments are given in Tables III and IV. 

Considerable data were then taken to 
enable investigation of the theory ad¬ 
vanced in the two preceding sections. 
L imit ations of space and time forestall 
detailed discussion of the experimental 
details and the analysis of the data thus 
obtained. The reader interested in a full 
account of this phase of the investigation 
is referred to the thesis (available on loan) 
on which this paper is based. 10 Experi¬ 
ment yielded values providing complete 
substantiation of the theory advanced in 
the two preceding sections. In corrobora¬ 
tion of this, see Fig. 5, which evidences 
experimental confirmation of the straight- 
line relationship predicated in equation 
13. 

Interpretation of Experimental Data 

Inductance Bridge 

Examination of the data of Tables I 
and IV reveals that the galvanometer is 
most sensitive when the series compen¬ 
sating capacitance is as small as possible. 
In other words, with less capacitance than 
the value required to make the phase 
angle zero or less than enough to make it 
possible to bring the instrument to its 
mechanical zero point, a greater deflection 
may be obtained for a given change in 
inductance or resistance than when the 
value is greater. Thus it may be advis¬ 
able to use a “false zero,” since the sen¬ 
sitivity decreases very rapidly as the 
value of C is increased. 

Capacitance Bridge 

In the case of the capacitance bridge, 
Tables II and III, it was necessary to 
have at least the calculated value of series 
compensating inductance required to 
make the phase angle zero, for as soon as 
the inductance was decreased below this 
value the instrument rapidly fell off from 
zero. The sensitivity to changes in 
capacitance apparently was best when the 
compensating inductance was the mini- 
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Table III. Data for Galvanometer Comparison, Capacitance Bridge, Fig. 4(B) 


Ri and 
LU, Ohms 


R2 and 
Ri» Ohms 


Cs and 
Cs, Mfd 


La Calc., L* Exp., 
Henrys Henrys 


Change in R 
or C from 
Ri or Ct 


Galvanometer 

No. 


2.04. 


' 1.76...... * 

!-76.0.01 mfd.!.‘!!l.3 

1-76.100 ohms.1.0 

2.00.0.01 mfd.0.5 

2.00.100ohms.0.5 I 

.0.01 mfd.4.5 

1.08.100 ohms.2.5 

1 1.76.0* 

I 1.76.0.01 mfd.2.0 

1-76.100 ohms.2 0 

, 2.00.0.01 mfd.1.3 

I 2.00.100ohms.2.2 

1-08.0.01 mfd.2.3 

1.08.100 ohms.1. S 


from zero ^Sdly befow'thfs vaLe.'” GalvanometS^ 1 'Jo* 747^® C0 “ pensati «S inductance and fell away 
on zero with 1.76 henrys compensatlnglnducUnc" ' ? ™ * m0St ° n 2ero with 135 ^nrys and 


Table IV. Data for Galvanometer Comparison, Inductance Bridge, Fig. 4(A) 


Ri and 
Ohms 


R2 and 
Rj) Ohms 


„ _ , Change in 

Cs Calc., Cs Exp., RorL from 
Mfd Mfd Ri or I, 


28. * 

28.25 mh.14 

28.4 ohms.33 

35.25 mh. 4 

35.4 ohms. 5 

27 .25 mh.17 

'27. 2ohmsf. 2 

(28. * 

28 .25 mh.4.5 

28.4ohms. .. 3.5 

35.25 mh.. .. 1 

35.4 ohms. 1 

.ISmh.t. 8.5 

1 27. 2 ohmsf. 5 


Galvanometer 

No. 


.. 502,747 


.263,585 


” 0t -o-w 28 mu. b». 82 * ^ 

Stops on the swing of the needle of gafv^ometo loll we£‘af£7 dhJEf ±13 divisions - Tha 


mum necessary to keep the needle from 
going off scale (with the galvanometer of 
low coil resistance, Table III, the com¬ 
pensating inductance can be lowered 
somewhat below the calculated value). 
Increasing the inductance above the cal¬ 
culated value in every case reduced the 
sensitivity to changes in capacitance. 

The data in Tables III and IV serve to 
show that the instrument with the lower 
resistance was most sensitive in the in¬ 
ductance bridge and somewhat less sensi¬ 
tive in the capacitance bridge circuit than 
the instrument with the higher resist¬ 
ance. 

Conclusions 

The previous work on theory and ap¬ 
plication of the iron-cored a-c galvanom¬ 
eter is reviewed, revealing that Terry 2 
first suggested that the undesirable torque 
resulting from the current induced in the 
moving coil of the galvanometer could be 


eliminated by inserting reactance, capac¬ 
itive or inductive as needed, in series 
with the moving coil. The magnitude of 
this reactance is to be such that the re¬ 
sulting equivalent impedance of the cir¬ 
cuit containing the moving coil is pure re¬ 
sistance. 

A theoretical confirmation of Terry’s 
suggestion is deduced 7 from Weibel’s 
general mathematical theory of the re¬ 
sponse of the galvanometer to an im¬ 
pressed periodical electromotive force of 
arbitrary wave shape. 

Experimental determination of the 
magnitude of series capacitance required 
to eliminate the undesired torque when 
the galvanometer is used as a null de¬ 
tector in a balanced Maxwell inductance 
bridge is in agreement with the theoret¬ 
ically calculated value. Similarly, ex¬ 
perimental determination of the magni¬ 
tude of series inductance required to elim¬ 
inate the undesired torque when the 
galvanometer is used as a null detector in 
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-1.0 -0.8 -0.6 -0.4 -0.2 0 

RECIPROCAL OF DEFLECTION-DIVISIONS -1 

Fig. 5. Determination of 0 o =O referred to 
scale zero. Galvanometer no. 502,747. 
R =2,000 ohms. C varied from 0 to 0.2 mfd. 
(From data of Table 6 10 ) 

Slope = — 7600 = — 0 o /k 

Intercept=13000=1 /k 

00=0 is +0.585 division to right of scale zero 

a balanced Wien capacitance bridge is in 
agreement with the theoretically cal¬ 
culated values. This excellent agreement 
between experimental and theoretical 
values substantiates the correctness of the 
mathematical analysis mentioned in the 
preceding paragraph and indicates that 
the method of eliminating the undesired 
torque by means of inserting a proper 
magnitude of reactance in series with the 
moving coil is satisfactory in actual prac¬ 
tice. 

Experimental determination of the 
pointer position of the scale corresponding 
to 0 o =O is effected for several different 
values of equivalent resistance of the 
moving coil circuit. The effect of varying 
0o is in agreement with the effect indicated 
by the mathematical theory of the be¬ 
havior of the a-c galvanometer when used 
as a detector in an a-c bridge, as worked 
out in the section entitled “Deflection for 
No Flux Through Coil,” on the basis of 
Weibel’s general theory. This agreement 
between theoretical and experimental 
values provides additional confirmation 
of the correctness of the desired theoiy of 
behavior. 
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Discussion 

Perry A. Borden (The Bristol Company, 
Waterbury, Conn.): Somewhat belatedly, 
this contribution to the art of a-c measure¬ 
ment comes as an answer to a problem men¬ 
tioned in my 1923 paper. 1 In the closure of 
that paper, I referred to the futility of 
efforts to detect balance conditions by the 
use of an iron-cored a-c galvanometer. For 
that reason it was found necessary to de¬ 
velop and use the "asynchronous” method 
described in the body of the paper. Briefly, 
that method comprised impressing the un¬ 
balance potential upon one winding of an 
electrodynamic instrument whose other 
winding was excited from a source having a 
slightly different frequency. The resulting 


"beating” action could readily be observed, 
and a balance detected by its eventual re¬ 
duction to a zero magnitude. As an alter¬ 
native, the potential could be "rectified” by a 
commutating switch operated slightly away 
from the test frequency and the commu¬ 
tator output applied to a conventional d-c 
galvanometer. Again, the beating became 
apparent, and its reduction could be made a 
criterion of balance condition in the net¬ 
work. 

Germane to the subject matter of the 
current paper is the work of Gilbert 2 ' 8 and 
others 3-4 on galvanometers having a-c and 
d-c magnitudes superposed in a common 
deflecting coil. 
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Thomas J. Higgins and William Kneen: 
In answer to a query raised in the discussion 
following the oral presentation of the paper 


we remarked on the ready availability on 
loan of Mr. Kneen’s M. S. thesis to anyone 
desiring to read the details of the sub¬ 
stantiating experimental investigations sum¬ 
marized in the section on "Experimental 
Confirmation of Theory,” and we would 
like to re-emphasize this possibility now. 

We wish to express our sincere apprecia¬ 
tion for Mr. Borden’s discussion and refer¬ 
ences. The induction galvanometer, as 
discussed by Gilbert, is a somewhat different 
instrument than the a-c galvanometer con¬ 
sidered in this paper. However, in its own 
right the induction galvanometer is both an 
interesting instrument and of the same 
genre as the a-c galvanometer, and our dis¬ 
cussion of the latter will, we believe, enable 
easier grasp of the fundamental principles of 
operation of the former. Again, the pat¬ 
ents cited by Mr. Borden contain some very 
interesting material. And finally, Mr. 
Borden’s 1923 paper clearly evidences, as 
Mr. Borden remarks in his discussion, the 
lack of ready information on the a-c galva¬ 
nometer, or of references to pertinent sources 
thereof, in the texts on electrical measure¬ 
ments then available; and, as we point out 
in our paper, this situation is yet unchanged! 
Thus we warmly welcome Mr. Borden’s 
strong substantiation of the claim advanced 
early in our paper—namely, that this paper 
both fills a gap in the present literature of 
electrical measurements and advances spe¬ 
cific information enabling ready use of the 
a-c galvanometer. 


Thermocouple-Type Ammeters for Use 
at Very High Frequencies 

O. G. McANINCH 

MEMBER AIEE 


T HE measurement of currents at the 
higher frequencies is complicated by 
the ever-magnified inductances and capac¬ 
itances associated with the measuring 
equipment. On direct currents, per¬ 
manent-magnet moving coil instruments 
are used extensively, and here the main 
consideration is the series resistance of 
the instrument. Instruments for lower 
frequency alternating currents generally 
make use of the electrodynamic or some 
form of moving iron measuring system. 
Here again the series resistance of the 
instrument is important but, in addition, 
the series inductance of the necessary 
coils becomes a factor. As the frequency 
is increased the effects of the inductance 
also increase, and in the middle audio-fre¬ 
quencies these effects become formidable. 

This paper reviews problems en¬ 
countered in the measurement of current 
at the higher frequencies, and discusses 


the performance of ammeters tested in 
the very-high-frequency range. It also 
presents the theory, construction, and 
performance of an experimental wide- 
frequency-range ammeter having superior 
characteristics in the very-high-frequency 
band. It is hoped that the information 
which is presented will be helpful to de¬ 
signers in fufilling future needs for superior 
ammeters in the very-high-frequency 
range. _ 


Paper 54-170, recommended by the AIEE Instru¬ 
ments and Measurements Committee and approved 
by the AIEE Committee on Technical Operations 
for presentation at the AIEE Winter General Meet¬ 
ing, New York, N. Y., January 18-22, 1954. 
Manuscript submitted August 3, 1953; made avail¬ 
able for printing December 10, 1953. 

O. G. McAninch is with the General Electric Com¬ 
pany, West Lynn, Mass. 

The author wishes to acknowledge the contributions 
of his associates in the preparation of this paper, 
particularly those of T. A. Rich, H. R. Meahl, and 

P. C. Michel of the Company's General Engineering 
Laboratory, who were primarily responsible for the 
early development work on low impedance thermo¬ 
couple ammeters. 


Instruments for Moderately High 

Frequencies 

In the lower radio frequency range, 
various thermal conversion devices have 
been developed for current measurement. 
In these instruments the current flowing 
produces heat, and the resulting tempera¬ 
ture effect is used as a measure of current 
magnitude. By this means the coils of 
wire, with their associated high induct- 


THERMOCOUPLE 



''HEATER \D-G 

MILLIVOLTMETER 


Fig. 1. Elementary thermocouple ammeter 
diagram 



Fig. 2. Conventional thermocouple for radio- 
frequency instrument 
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Fig. 3. Correction factor curves for con- ^'9* ^ (dght). In- 

ventional thermocouple ammeters, based on terna * circuit °t eon- 

skin-effect calculations ventional thermo¬ 

couple ammeter at 
high frequencies 

ance, are eliminated from the a-c circuit, 
and it is possible to produce measurable 



temperatures in simple heater wires 
without bothersome high resistances. 

The most satisfactory of these thermal 
converters is of the thermocouple type. 
Basically (Fig. 1) this consists simply of a 
short length of wire through which the 
current to be measured is led. A thermo¬ 
couple junction is secured to the center 
of the heater wire and measures the tem¬ 
perature rise produced by the current flow. 
This unit is the primary detector of the 
high-frequency current, and operates in 
conjunction with a sensitive d-c mflli- 
voltmeter, which is the end device and 
indicates the high-frequency current in 
terms of the thermocouple output. Fig. 2 
pictures a typical thermocouple converter 
of this type, which has been provided 
with cold junction thermal compensation 
to maintain a stable reference tempera¬ 
ture for the thermocouple. 1 This con¬ 
verter is usable from direct current up 
into the radio frequency range with good 
accuracy, and without bothersome high 
resistance and inductance factors to upset 
measurements. 


quency. This increases the heating for a 
given current level, and causes the instru¬ 
ment to read high. Hence it becomes 
necessary to apply a multiplying factor 
to correct instrument readings, and this 
factor varies with frequency. Some 
representative correction factor curves, 
based on skin effect computations, 2 are 
shown in. Fig. 3. As can be noted from 
these curves, the correction is greater for 
instruments of higher current ratings, 
since the change in resistance occasioned 
by skin effect is greater in their larger 
sized heater wires. In certain commer¬ 
cially available instruments the solid 
heater wire has been replaced by a thin- 
walled tubular heater which serves to 
reduce skin effect errors substantially. 

The other problems impedance effect, 
results from inductances and capacitances 
associated with the converter which are 
negligible at low radio frequencies. Ef¬ 
fectively, at higher frequencies, there is 
associated with the heater wire both a 
series inductance and a shunt capacitance. 


60 or 70 ohms at 200 megacycles (me). 
This means that the voltage drop between 
terminals of such an instrument, an am¬ 
meter, is of the order of 300 to 350 volts 
with 5 amperes flowing. In addition to 
this disturbing condition there are many 
stray and shunt capacitances through 
which such a voltage may force appre¬ 
ciable currents in the frequency range to 
200 me. 

The Conventional Instrument at 
Higher Frequencies 

An analysis of a typical instrument of 
the conventional type shows that the 
actual high-frequency circuit between 
instrument terminals, neglecting resist¬ 
ance, approximates that shown in Fig. 4. 
This circuit consists essentially of four 
elements: 

1. The thermocouple unit, consisting of 
the heater wire Lx, compensating strips La 
with their shunting capacitances C u and the 
thermocouple wires Z, 2 . 


Problems Introduced by Necessity 
of Making Measurements at 
Higher Frequencies 

Still further increases in the frequency 
range, however, have made it evident 
that this thermal converter, also has its 
limitations. Mainly these are of two 
types. The first is the well known gktn 
effect, while the second is the old problem 
of increased impedance effects. 

Skin effect, the phenomenon of non- 
uniform current distribution in conductors 
at high frequencies, causes the heater 
resistance to increase with increased fre¬ 


For example, a typical converter having a 
d-c resistance of the order of 0.03 ohm 
may have an impedance of the order of 



2. The d-c instrument leads, represented 
by L t , L it and C 2 . 

3. The d-c instrument, consisting of con¬ 
trol springs La, moving coil Lj with its shunt 
capacitance Ca, and the coil to magnet ca¬ 
pacitance Q. 

4. The inductance L& of the magnet, scale 
plate, and grounding strap, and their shunt 
capacitances to ground Cj. 

There are in addition the various mut ual 
inductances as shown. 

The approximate nature of the circuit 
is apparent when it is noted that most of 


Fig. 5. A low-impedance thermocouple am- parameters are actually distributed, 

meter for use from 0 to 200 me. View at right rather than lumped. This fact, in addi- 
i I lustra tes unique concentric terminal arrange* • tion to the complexity of the lumped 
m®n* .4* parameter circuit and the difficulty of 
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Fig. 6. Cross-section view showing construction of the low-impedance 

thermal converter 



Fig. 7. Internal circuit of the low-impedance thermocouple 
ammeter at high frequencies 


estimating or calculating accurately these 
parameters, led to the conclusion that a 
general qualitative approach with experi¬ 
mental verification on actual sample in¬ 
struments would be preferable to a com¬ 
plete mathematical analysis of the ap¬ 
proximate equivalent circuit. Examina¬ 
tion of Fig. 4, however, in conjunction 
with other known information, serves to 
point out the error-producing effects. 

First, the shunt capacitances make 
possible the diversion of current from its 
intended path. Second, it is evident 
that there is a major loop circuit starting 
at the thermocouple junction, proceeding 
through the compensating strips, the d-c 
instrument leads in parallel, via the 
moving coil to magnet capacitance, to the 
low terminal stud through the magnet and 
grounding strap, and back to the starting 
point through one-half of the heater wire. 
When it is considered that approximately 
half of the terminal-to-terminal voltage, 
which can be of the order of 100 volts or 
more, is included in this loop, it is evident 
that heating of the thermocouple wires 
by the high-frequency current flowing in 
this circuit will be a considerable factor. 

In addition, it is seen that there is the 
possibility of resonance in all of the many 
loops (including the major loop described) 
at various frequencies. Such resonances 
will produce localized heating effects 
having the sharply peaked characteristics 
associated with the resonance phenom¬ 
ena. There is also the possibility of 
induced circulating currents in the various 
loops produced by the linkage of high- 
frequency fidds with these loops. 

Since the thermocouple measures total 
heat, and does not distinguish its source, 
all of these heating effects cause errors in 
indication. The major sources of errors 
appearing in the thermocouple instrument 
at high frequencies may therefore be 


listed as follows: 

1. Resistance rise resulting from skin 
effect. 

2. Extraneous heating of the thermocouple 
wires as a result of high frequency currents 
flowing in them. 

3. Resonance effects in various of the loop 
circuits at various frequencies. 

An Instrument for Use at Higher 
Frequencies 

Consideration of these sources of error 
has led through various development 
stages to an experimental sample of a 
low-impedance thermocouple type of 
instrument in which such errors have been 
reduced greatly. This instrument, illus¬ 
trated in Fig. 5, has a useful range of 0 to 
200 me, with minimum errors, and with¬ 
out troublesome resonance or impedance 
effects. 


In this instrument a short concentric 
terminal arrangement replaces the usual 
side-by-side terminal studs which are 
us ually separated by an inch or more. 
This configuration reduces the internal 
circuit length of the instrument, and as¬ 
sists in impedance reduction. It like¬ 
wise serves to shield the d-c instrument 
parts from the high-frequency current 
field, and to prevent the series induction 
of high-frequency voltages in parts of the 
d-c instrument circuit. The outer ter¬ 
minal is grounded to the case, as are all 
other large metal masses in the instru¬ 
ment. 

The heating dement is made from a 
thin, flat ribbon, rather than from the 
usual round wire, to reduce the skin effect 
error as much as possible. For mini¬ 
mum skin effect, the heater should be 
very thin; in fact, the thinner the better. 
Practically, however, it is necessary to 
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Fis« 9 . Electro dynamic high-frequency cur¬ 
rent standard 


compromise this with thermal require¬ 
ments (which are dependent also on cur¬ 
rent ratings), so that it is not possible 
entirely to eliminate the effects of resist¬ 
ance change with frequency. To lower 
the series impedance of the instrument 
further, the inductance of the heater is 
lowered by folding the flat strip heater 
back on itself, forming a hairpin like struc¬ 
ture whose two halves are separated and 
insulated by a thin sheet of mica. 

The path of high frequency current is in 
the center terminal, through the strip 
heater, and out the outer terminal. See 
Fig. 6. The thermocouple junction itself 
is welded to the mid-point of the heater 
strip near the fold, and the cold junctions 
are welded to two small pins which are 
thermally intimate with the plate con¬ 
necting the inner and outer terminals, 
but electrically insulated from it. This 
arrangement results in d-c thermocouple 
outputs equivalent in magnitude to those 
of the conventional arrangement. 

To prevent any possible series induction 
in the d-c instrument loop circuit, the 
two leads from the thermocouple cold 
junctions to the instrument armature 
are twisted together along most of their 
length. 

The details of the completely sealed 
construction of this new thermal converter 
are shown in Fig. 6. (They are also con¬ 
tained in a United States patent. 3 ) 

The approximate internal circuit of the 
low-impedance instrument is illustrated 
in Fig. 7. It is evident, from comparison 
with Fig. 4, that the major simplification 
is in the thermocouple converter itself, 
which is to be expected since the instru¬ 
ment mechanism and the leads to it do not 
allow any significant change. The main 
simplification is in the reduction of the 
number of loop circuits involving the 
heater and in the reduction of the shunt 
capacitances. 

One of the most significant improve¬ 
ments in the instrument is the impedance 
reduction from terminal to terminal 


through the heater. The value of L x 
in Fig. 7 is approximately one-tenth that 
of Li in Fig. 4. This has the double effect 
of reducing the high-frequency voltage 
appearing across the heater part of the 
major loop previously discussed, and of 
raising the resonant frequency of this loop. 

This design therefore reduces skin 
effect, reduces extraneous heating of the 
thermocouple wires by reducing the 
voltages (both induced and otherwise) 
tending to send high-frequency currents 
through them, and decreases resonance 
effects by eliminating some of the loop 
circuits and decreasing the inductance in 
others. 

The actual effectiveness of this ap¬ 
proach is demonstrated by the fact that 
instruments of this type are approxi¬ 
mately one-tenth the impedance of the 
conventional type (of the order of 6 
ohms), that they are consistently induc¬ 
tive (approximately 0.005 microhenry) 
with no resonance points from 0 to 200 me, 
and that their over-all errors, as indicated 
in Fig. 8, are lower than those of other 
thermocouple instruments. From Fig. 8, 
for example, it is seen that a low-imped¬ 
ance 8-ampere instrument has a correc¬ 
tion factor of 0.88 at 50 me, and 0.70 at 
200 me, while in a 5-ampere instrument 
the factors are 0.95 at 50 me and 0.80 
at 200 me. The differences between the 
5- and 8-ampere correction factors are due 
mainly to the necessity of using a thicker 
heater in the 8-ampere rating, thereby 
increasing skin-effect errors. 

For comparison, Fig. 8 includes correc¬ 
tion factor curves on comparable instru¬ 
ments of conventional type, and of con¬ 
ventional type improved to lower skin- 
effect errors only. The correction fac¬ 
tors on each instrument were obtained by 
comparing it with an electrodynamic 
high-frequency current standard, which 
is illustrated in Fig. 9 with an instrument 
under test. Considerable experimental 
work indicates that at frequencies of 50 
me and over it is not possible to predict 
performance accurately from skin-effect 
and other calculations. The reasons for 
this were pointed out in the discussion of 
the errors involved. In fact, instruments 
which are supposedly identical have been 
found to have considerably diff er en t 
errors. The theory of operation and es¬ 
tablishment of the electrodynamic am¬ 
meter as a primary standard for high- 
frequency current measurement have been 
adequately covered elsewhere. 4 ' 5 - 6 
A striking demonstration of the im¬ 
provement realized in this low-impedance 
instrument is obtained by connecting it 
and an instrument of the high-impedance 
type in series and passing high-frequency 


LOW IMPEDANCE 
INSTRUMENT 


CONVENTIONAL 

INSTRUMENT 



HIGH POTENTIAL WITH “ 
RESPECT TO GROUND 


(<*) 


1 . 

LOW POTENTIAL WITH ~ 
RESPECT TO GROUND 

(b) 

Fig. 10. Circuit diagram showing the impor¬ 
tance of low impedance in a thermocouple- 
type instrument and the significance of ammeter 
location in measuring circuits 


LOW IMPEDANCE 
I INSTRUMENT 



CONVENTIONAL 

INSTRUMENT 



currents through them. When con¬ 
nected as shown in Fig. 10(A), with the 
low impedance instrument at a higher 
potential, that instrument will read 
(with correction factor applied) con¬ 
siderably higher than the high-impedance 
ammeter. When the positions of the 
instruments are reversed, as in Fig. 10(B), 
and the proper correction factors applied 
to both instruments, their readings will 
be found to agree. The reason for the 
difference is the diversion of currents 
from high potential parts of the circuit 
to ground, thus allowing current to flow 
through one instrument and not the other. 

Such a demonstration as this also brings 
out the point that the current indicated 
by the low-impedance instrument is that 
which flows into the center terminal, and 
not a fictitious current indication pro¬ 
duced by the variety of error-producing 
factors previously outlined. 

Conclusion 

By the proper application of these 
principles in the design of a low imped¬ 
ance thermocouple-type ammeter, it is 
possible to make accurate current meas¬ 
urements at frequencies from 0 to 200 
me with a mi ni m um of disturbance of cir¬ 
cuits, as well as to determine the relative 
magnitudes of currents. Since the varia¬ 
tion of multiplying factors at different 
frequencies is minimized by these design 
principles, it has been proved possible to 
calibrate development sample instru¬ 
ments of low impedance design so that 
they may be used accurately over a pre¬ 
determined and extensive frequency range 
without correction, 
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Consideration of the theoretical as¬ 
pects and the actual performance of the 
experimental sample indicates that the 
suggested low-impedance design would be 
limited to a maximum current of 8 
amperes, and that for measuring higher 
currents it is necessary to use high- 
frequency current transformers in con¬ 
junction with the instrument. This and 
other techniques involved in the applica¬ 
tion of instruments for current measure¬ 
ment at these frequencies represent an 
important subject in themselves not 
covered in this article. 

It is concluded, on the basis of the study 
described, that the frequency range of the 
thermocouple-type ammeter can be sub¬ 
stantially extended by adoption of suita¬ 
ble design principles. 
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Discussion 

H. R. Meahl (General Electric Company, 
Schenectady, N. Y.): It may be of interest 
to know that arbitrarily setting a lower limit 
of 0.8 on the frequency correction factor 
allows the use of a 1.5-ampere instrument 
over the frequency range of 0 to 300 me 
per second, and a 3-ampere instrument up to 
240 me. 

It has been found that this design resulted 
in instruments which can be operated in ex¬ 
tremely strong electromagnetic fields, such 
as those existing within a foot of conductors 
carrying 100 amperes at 810 kc without 
sacrificing accuracy. 


Pulse Relaxation Amplifier— 

A Low-Level D-C Magnetic Amplifier 

R. E. MORGAN 

MEMBER AIEE 


D EMAND for stable amplifiers to 
work at extremely low signal levels 
has attracted the attention of all who 
design and build amplifiers. The pulse 
relaxation amplifier (pra) is an outgrowth 
of this demand. It is essentially a mag¬ 
netic amplifier requiring no rectifiers and 
operating from a pulse power supply. 
Preliminary tests indicate a zero drift 
level of less than 10 -18 watt over a tem¬ 
perature range from —70 to 140 degrees 
centigrade. This is compared to 10 8 
watt attainable with conventional ampli¬ 
stats (self-saturating magnetic ampli¬ 
fiers) . They are temperature-limited pri¬ 
marily because of their rectifiers. The 
two greatest sources of drift in ampli¬ 
stats, variation in rectifier and magnetic- 
core characteristics, have been eliminated 
in the pra. 

The pra is not an amplistat, since by 
definition the latter achieves self-satura¬ 
tion by means of rectifiers in the output 
circuit. The pra employs the technique 
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of short pulses separated by long relaxa¬ 
tion periods. Flux reset in the core 
occurs during the relaxation periods. 
The pra operates from a pulse power 
supply and the pulse supply, in turn, 
from a sinusoidal power source. The 
magnetic core of the amplifier is driven 
into saturation by the power pulses. 
During the relaxation period the core 
magnetization settles back to a level dic¬ 
tated by the control signal. The output 
power is determined by the amount of 
pulse remaining after saturation. Push- 
pull operation is achieved using a single 
magnetic core by comparing the alternate 
positive and negative pulses. Approxi¬ 
mately the same gain and speed of re¬ 
sponse are realized in the pra as in the 
amplistat. 

Drift problems in the conventional 
amplistat are largely attributed to for¬ 
ward rectifier drop, reverse rectifier leak¬ 
age, and variations in the magnetic 
characteristics between cores. By elim¬ 
inating the rectifiers, reducing the num¬ 
ber of operational cores to one per ampli¬ 
fying stage, and by operating this core in 
push pull, the pra has considerably less 
opportunity for drift. Regulations in 
the sinusoidal power supply, both in 
magnitude and in frequency, are com¬ 
pensated. The circuitry is so devised 


that variations in saturation flux density 
and hysteresis loop width have negligible 
effect. Changes in hysteresis loop slope 
affect the gain only, not the level of drift. 

The pra is basically a low-level device. 
As such, several stages of pulse relaxation 
am plification can be used to amplify a 
low-level signal, bringing it to the micro¬ 
watt level. Here conventional amplistats 
can be used to boost the power to higher 
output levels without further effect upon 
the drift. The concept of the pra sug¬ 
gests a wide variety of new functions 
which may be performed by magnetic 
am plifiers. These cover the fields of 
optical pyrometry, precision calorimetry, 
spectroscopy, geophysics, meteorology, 
differential thermometry, etc. Wherever 
extreme sensitivity is desired, the pra has 
an application. 

Theory of Operation 

Operation of PRA Input Stage 

A simplified circuit of the pra input 
stage is shown in Fig. 1. Unlike a half¬ 
wave amplistat, this circuit employs no 
rectifiers. Also, the core size is much 
smaller than is normally used in ampli¬ 
stats . Fig. 2 represents an idealized hys¬ 
teresis loop (four straight lines) of the 
amplifier core characteristic. The axes 

PULSE 
.SUPPLY . 


> — VAV 

DC 

SIGNAL 

INPUT 


\_SMALL SATURABLE 

REACTOR CORE 

Fig. 1. Simplified pra input stage 
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LOAD 




FLUX 


Fig. 2 (left). Hysteresis loop 
of pra input stage reactor 


SINUSOIDAL POWER 



of the loop are expressed in flux versus 
ampere-turns, since no variation in core 
dimensions is introduced in this report. 
The encircled numbers of the loop es¬ 
tablish a “time” correlation between the 
magnetic state of the core and the sinu¬ 
soidal alternating voltage of the main 
power source. This is illustrated in Fig. 
3 which shows the pulse supply relative to 
the main sinusoidal power source. Each 
number represents a point in time. 
Pulse width is 2 degrees of the sinusoidal 
supply period. 

Following the operation in steps, start 
with point 2 on the right-hand side of the 
hysteresis loop illustrated in Fig. 2 
This starting point is established by the 
d-c signal ampere-turns. The reactor is 
designed so that the pulse supply volt- 
time integral will swing the core flux over 
the entire range of the hysteresis loop. 
Therefore, the first portion of the pulse 
time is used to raise the flux level from 
point 2 to saturation. Full load current 
will then flow for the remainder of the 
pulse. The core remains saturated at 
point 3 until the beginning of the negative 
pulse. The total duration of the nega¬ 
tive pulse is required to drive the core 
from positive to negative saturation. As 
negative saturation is just reached by the 
end of the pulse, no negative output cur- 
rent is obtained. The d-c signal returns 
the flux level in the core to point 2. How¬ 
ever, a definite period of time is required 
for the flux to accomplish this shift in 
level. This is known as the relaxation 
period and represents the time between 
the end of one pulse and the beginning of 
the next. 

A decrease in d-c signal ampere-turns 
drops point 2 back to a lower value of 
flux in the hysteresis loop. A longer 

tune is required for the positive power 

pulse to reach saturation, leaving less 
tune for load current to flow. An in¬ 
crease in d-c signal ampere-turns results 
m less time for the pulse to reach satura¬ 


tion and hence more time for load current 
to flow. In both instances the negative 
power pulse is completely absorbed in 
swinging the core from positive to nega¬ 
tive saturation. A negative d-c signal 
causes the roles of positive- and negative- 
pulsed outputs to be reversed. A plot 
of output current, averaged during the 
pulse periods only, versus signal current 
provides the characteristic shown in 
Fig. 4. 

Bias 

Fig. 4 indicates that the pra gain 
characteristic is bidirectional about the 
origin of the input and output axes. A 
low gain section in the characteristic 
appears at the origin because of the 
hysteresis loop width. This may be 
corrected by the addition of a cross-bias 
winding and supply to the pra. The bias 
must operate alternately positive and 
negative. It is applied most conveniently 
from a sinusoidal a-c supply. The bias 
supply adds ampere-turns to the core in 
addition to the signal winding ampere- 
turns. Fig. 5 illustrates the use of a-c 
bt«is. It is adjusted so that at points 2 


OUTPUT CURRENT 



Fig. 4. Input stage pra gain characteristic without bias 


and 7 the flux is set halfway between posi¬ 
tive and negative saturation. This re¬ 
sults in the flow of load current during 
both positive and negative pulses with a 
net output of zero. When a small d-c 
signal is applied in addition to the bias, 
points 2 and 7 are shifted accor ding ly^ and 
a net output occurs as a result of oppo¬ 
sitely directed control on both positive 
and negative pulses. Fig. 6 shows the 
gain characteristic with bias applied. 

It is important to note that the net 
output represents the difference between 
the average currents during the pulses 
only. The small currents which occur 
during the relaxation period are not 
passed on to the following amplification 
stages. These currents are the result of 
the flux resetting voltages induced in the 
power winding. They may be ignored. 
A circuit composed of linear resistive 
and nonlinear reactive components, and 
supplied from an a-c supply having a zero 
average component, cannot produce recti¬ 
fication. The net current averaged over 



Fig. 5. Pra Input stage hysteresis 
loop with a-c bias 
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Fig. 6. Pra input stage gain characteristic 
with bias 


ages caused by one supply caned out in 
the windings of the other. 

Operation of PRA Interstages 

For additional stages of pulse relaxa¬ 
tion amplification, an additional pulse 
power supply operating in time displace¬ 
ment relative to the original pulse supply 
is needed. This permits one supply 
operating in conjunction with the power 
winding of the previous stage of pulse 
relaxation amplification to set the signal 
flux level. A short time later the second 
pulse supply acting through the power 
winding causes the core to saturate and 
power to be delivered to the following 
stage signal winding. The power wind- 



Fig. 8. Pra interstage hysteresis loop 


the pulses and relaxation periods must be 
zero. Although, a net current difference 
may occur between the pulses, this is 
compensated by an equal but opposite 
difference during the relaxation periods. 
Since the pulse magnitude is many times 
larger than that during the relaxation 
period, only the pulses are passed to the 
following stages. 

So far, loading effects on the pra cir¬ 
cuit through transformer' coupling have 
been ignored. In a practical applica¬ 
tion of the pra principle, a means must 
be provided for achieving operation with¬ 
out loading through transformer coupling. 
The circuit for accomplishing this is 
shown in Fig. 7. Two cores are used in¬ 
stead of the previous single core. The 
added core acts in an auxiliary capacity, 
not in a manner whereby its characteris¬ 
tics are compared with those of the main 

core. The power-winding circuit includes 
a filter element composed of resistor and 
capacitor. This acts as a high impedance 
to the slowly varying signal and bias 
supply induced voltages. However, to 
the pulse supply voltage, the filter is ef¬ 
fectively a short circuit. The signal 
windings and bias windings are connected 
in such a manner that the induced volt- 
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PULSE SUPPLY 


AC BIAS 
SUPPLY 


111 AUX. CORE 
Fig. 7. Input stage pra circuit 


July 1954 


ing of this stage is connected to the 
original pulse supply. Summarizing, the ^ 
interconnection of several stages of pulse 

. relaxation amplification requires two pulse ar£ 

power supplies which are connected be- g .g na 
5 tween alternate pra stages and furnish w - n( j 
t their pulses in alternate sequence. Fig. out> . 

a 3 shows the pulses of both supplies in cor£ . 

time relation to the sinusoidal power. ^ , 
The pulses of one supply are between ^ : 
t points 2 and 3 and between points 7 and 8. Qne 

Those of the other supply are between volt£ 
t points 4 and 5 and between points 9 and 

10 - * i i so t 

, Consider an interstage of pulse relaxa- 

s tion amplification whose control signal is, 

L _ instead of the steady direct current of the cuit£ 

e input stage, a pulsed signal. Other than ^ 

r t this the circuit of Fig. 1 applies and may appl 

be used for a description of the opera- flux 

n tion. The magnetic changes of the core ^ 

, s are shown on the hysteresis loop in Fig. 8. t 

' d At point 2 the flux is at negative satura- ^ 

:e tion and zero ampere-turns. This is the dlTI1 

1S residual condition left by the preceding 

t 0 negative power pulse. The signal pulse 

applied at this point has sufficient ampli- ne g, 

a] tude and duration to make the transition ^ ^ 

, d to point 3. At point 3 the signal pulse ^ye 

' t . is removed. The flux remains unchanged 

until the beginning of the power pulse. 

At point 4 the power pulse is applied, 
driving the core into positive saturation. 

Only a portion of the power pulse is re- 
quired for this purpose, leaving the re- *c BSte 
ply mainder for output. After the power 
pulse is over, the core drops back to the 
residual condition of zero ampere-turns i 
at positive saturation. A similar se¬ 
quence is followed by the negative signal 
and power pulses. 

The loading effects caused by trans¬ 
former coupling of the signal and power 
windings must also be considered in the 
pra interstages. Fig. 9 shows a pulse 
relaxation interstage amplifier designed 
to partly eliminate the loading effect of 
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the pra and partly take advantage of it. 
Two cores, a main one and an auxiliary, 
are used. Both cores have common 
signal and bias windings. The power 
winding links both cores, while a “wipe¬ 
out” winding links only the auxiliary 
core. Induced components of signal volt¬ 
age appearing in the power windings of 
the main and auxiliary cores buck out 
one another. The bias and wipe-out 
voltages are applied to their respective 
windings through large-value resistances, 
so that these circuits contribute very 
little to the loading of the other windings 
and their circuits. Although these cir¬ 
cuits are loaded by the presence of the 
signal-winding circuit, their voltages are 
applied over long periods. The necessary 
flux reset is realized in this maimer. 

Referring to Fig. 10 a hysteresis loop 
of the auxiliary core is drawn with the 
ampere-turns scale reversed so that a 
simultaneous comparison between it and 
the Tnaui core loop can be made. The 
bias drives the auxiliary core further into 
negative saturation between points 1 and 
2, while the main core is driven into posi¬ 
tive saturation. As the signal is applied, 
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Fig. 9. Pra interstage circuit 















































the same flux change occurs on both 
cores, but in opposite directions. After 
the signal pulse there is no flux change 
in the main core, between points 3 and 4, 
but the auxiliary core is driven into posi¬ 
tive saturation by the wipe-out voltage. 
When the positive power pulse occurs, 
it finds theauxiliary core already in satura¬ 
tion. The auxiliary core therefore pre¬ 
sents no impedance to the load circuit 
during the power pulse, but only during 
the signal pulse. 

The capacitor in the power winding be¬ 
comes partly charged duringapower pulse. 
After the pulse has ended the capacitor re¬ 
tains its charge. In attempting to dis- 
charge, the flow of current is reversed 
from that occurring during the pulse. 
But this reversed current is opposed by 
the impedance of the power winding. 
The capacitor voltage decays only slightly. 
Meantime, sufficient volt-seconds are ap¬ 
plied to the core by the capacitor to cause 
it to swing from its saturated state to 


finds the core already in saturation. It 
can do no more than drive the core further 
into saturation. Thus all control is lost. 
By changing the polarity of the windings, 
control is regained. However, the sense 
is now altered. The signal pulse drives 
the core in the opposite direction and 
from the opposite state of saturation 
than was previously done. The power 
pulse, however, is still acting in the same 
direction. Conceivably, a large signal 
pulse could return the core to the state 
of saturation existing before the capacitor 
volt-seconds were applied. But this core 
state, in the previous signal connection, 
was obtained from a small signal pulse. 
Conversely, a small signal pulse in the 
new mode of operation sets the core to the 
same point as a large signal pulse in the 
previous mode. Thus a small signal re¬ 
sults in a large output and a large signal 
results in a small output. The sense 
has been changed. Since the pra oper¬ 
ates in push pull, the net output between 
positive and negative pulses is still the 
same as that obtained with the previous 
connection. Added stability is r ealiz ed 
by this new mode of operation. 

Additional Circuit Considerations 

Multistage PRA Operation 

Pra stages may be cascaded together 
until a signal is increased to a sufficient 
level that it can be amplified by more 
conventional magnetic means. Fig. 11 
illustrates the interconnection of two 
interstages of pulse relaxation amplifica¬ 
tion. Transition from the pra to an 
amplistat requires a discriminator be¬ 
tween the two units. Although the pra 
positive and negative pulses may differ 
in width as a function of the control signal, 
the average current over both the pulse 
and relaxation periods must still be zero. 
Thus the discriminator must take the dif¬ 
ference in currents occurring during the 
pulse periods, and must eliminate those 


occurring during the relaxation periods. 
The discriminator, rectifier or ampli¬ 
stat 1 type, permits the pra output to be 
intepreted for instrumentation or fur¬ 
ther amplification. 

Pulse Supply 

Consistent with popular application 
requirements, the pulse supplies are of a 
static magnetic type, operating from a 
sinusoidal power base. Fig. 3 illustrates 
the dissection of the sinusoidal voltage of 
the main power source. The pulses of 
one pulse supply occur at 45 and 225 
degrees, while those of the other pulse 
supply occur at 135 and 315 degrees. The 
relaxation period between pulses is not 
critical in its duration. Each pulse is ap¬ 
proximately of 2 degrees’ duration (100 
microseconds in a 60-cycle source). 
Much of the remaining portion of the sine 
wave is used to obtain bias and wipe-out 
voltages. 

Fig. 12 shows the circuit used to obtain 
the pulse voltages. It is composed 
principally of transformers which are 
alternately saturated positive and nega¬ 
tive. Returning to the sine wave of 
Fig. 3, the first 45 degrees of the sine 
wave voltage are held off by X 3 . When 
X 3 saturates, the power is transferred 
from X s to the circuit made up of R\, 
1 ? 2 , and Xa. Xi is a transformer having a 
small core and few turns. It saturates 
after only 2 degrees of angle, leaving 
the remaining portion of the half-cycle 
to be dissipated in resistor Ri. The 
secondary voltage of X\ constitutes one 
pulse supply. The other supply pulse is 
achieved by similar means from Xg. X» 
is designed to hold off the first 135 de¬ 
grees of the sine wave voltage, after 
which the circuit composed of R a , Rj, 
and Xg receives the power. Xg saturates 
rapidly so that its secondary voltage con¬ 
stitutes the other pulse supply. Also 
shown in Fig. 12 are the bias voltages 
and their wave forms. 









Fig. 13. Block diagram of 4-stage pra 


The outstanding advantage of a mag¬ 
netic-type pulse supply for the pra lies 
in the fixed volt-second integral provided 
by the pulse supply transformers. Regu¬ 
lation of voltage and frequency in the 
sinusoidal supply may alter the pulse 
shape, but not the pulse integral. Since 
the pra cores each require fixed volt- 
second values to swing the flux over their 
saturation range, the fixed pulse integral 
contributes much to the amplifier sta¬ 
bility. 

Characteristics of 4-Stage PRA 
Gain 

A multistage pra with a d-c input and 
a d-c output was built and tested. It 
consisted of an input stage, 3 interstages 
of pulse relaxation amplification, pulse 
power supplies, and a rectifier discrimina¬ 
tor for output. Fig* 13 shows it in block 
diagram. It was designed to operate 
from a 115-volt 60-cycle power source. 
The resistance of the input stage was 50 
ohms while that of the discriminator out¬ 
put was 200,000 ohms. Deltamax toroi¬ 
dal cores of half-inch diameter by 0.0005- 
square-inch cross section were used in the 
pra stages. Fig. 14 shows an over-all 
gain characteristic for the amplifier in 
terms of average volts output versus aver¬ 
age volts input. Inasmuch as the input 
and output resistance levels are different, 
the over-all amplifier voltage gain has 
less significance than an over-all power 
gain. If such is computed from the 
linear portion of the gain characteristic 
using the resistances of input and output 
circuits, the power gain is of the order of 
2,000,000. The linear portion of the 
am plifier will accommodate a maximum 
input signal of 10~ 11 watt while deliver¬ 
ing an output in excess of 10~ 5 watt. 


Speed of Response 

Speed of response in the pra is a func¬ 
tion of the input stage time constant and 
the interstage pulse delays. The time 
constant of the signal winding in the in¬ 
put stage is inherently low. This is 
principally the result of using small core 
sizes, which usually give quicker response. 
Between stages of pulse relaxation ampli¬ 
fication, quarter-cycle pulse delays are 
involved. That is, the second stage will 
not respond before its pulse, which occurs 
90 degrees after the first stage pulse. 
Pulse delay is also involved in the input 
stage of the pra. However, here it may 
take any value from 0 to 360 degrees of 
the sinusoidal supply frequency. As¬ 
suming an average input stage delay of 
180 degrees, the response of a multistage 
pra circuit is the sum of the time constant 
of the input winding and the product of 
the number of stages plus one times a 
quarter period of the sinusoidal power 
supply. 

Drift 

The results of preliminary drift tests 
are presented here. These tests were 
made to estimate the influence of tem¬ 
perature variations and power supply 
variations on output and gain of the pra. 
The drift level was determined by ob¬ 
serving the output of the amplifier with 
the input signal held at zero. An input 
signal, which when amplified gave the 
same magnitude of output as that given 
by the drift level, defined the minimum 
signal level of the amplifier. Recordings 
were made over a 2-week period of the 
pra output. Power supply voltage was 
varied ±30 per cent and temperature for 
the first stage was cycled between —70 
and 140 degrees centigrade. Maximum 
drift during this period was 10 _16 watt. 


No Discussion 


D C VOLTS 
OUTPUT 



The gain characteristic showed complete 
continuity. A check of gain stability 
showed variations of 10 per cent for power 
supply frequency variations of ±10 per 
cent. 

Conclusion 

Circuit constants and variations upon 
the circuit types have for the most part 
been omitted. The purpose of this re¬ 
port has been to present a novel technique 
of magnetic amplification, therefore de¬ 
tailed circuit information has been mini¬ 
mized. The pra realizes the functions of 
signal reset and power gain, requirements 
of any magnetic amplification scheme. 
Its significant application lies in a region 
of signal sensitivity not heretofore availa¬ 
ble in magnetic amplifiers 
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Industry Co-ordination of Microwave 
Communications Systems 


VICTOR J. NEXON 

ASSOCIATE MEMBER AIEE 


THIS paper is a discussion of the prob- 
■ lems concerned with co-ordinating 
microwave systems in the various safety 
and special services to obtain maxim um 
utilization of the microwave spectrum 
consistent with the economical and tech¬ 
nical factors of system usage by present 
and potential users. 

In view of the directive radiation char¬ 
acteristics of microwave antenna sys¬ 
tems, co-ordination solutions on a beam- 
width basis together with frequency and 
bandwidth should be found to provide 
interference-free operation for a maximum 
number of microwave sys tems in the 
various areas. 


Need for Industry Co-ordination 

There are areas developing in th-ic 
country where special co-ordination con¬ 
sideration must now be given to future 
installation of microwave systems to avoid 
interference. Some of these areas are in 
the Valley Forge, Pa., Houston, Texas, 
and Kansas City, Mo., vicinities. 

Because of the importance of hilltop 
locations, these and other areas are 
rapidly reaching a point of band satura¬ 
tion, especially where such hilltops are 
few in number and where their positions 
make them especially suitable. Further¬ 
more, fixed points for communication re¬ 
quirements are often in the same city or in 
close proximity for different companies 
in the safety, transportation, and indus¬ 
trial services. Consequently, the beam- 
width patterns may overlap and cause 
need for separate frequencies in the same 
or other commercial ban ds . 

In the Valley Forge area there are three 
separate microwave systems, namely for 
the Keystone Pipe Line Company, the 
Texas Eastern Transmission Corporation 
and the Transcontinental Pipe Line Com¬ 
pany, all in the 1,850- to 1,990-megacycle 
(me) commercial band. In an area of ap¬ 
proximately 10 square miles there are 
five stations—two repeaters with three 
directions each, one repeater with two 
directions, and two terminals—requiring 
a total of 10 2-way radio-frequency (r-f) 
channels in the 1,850- to 1,990-mc band. 
To satisfy this requirement all but four 
frequencies available in this band were 


used, and it is doubtful that these four 
can be used in the future because of pos¬ 
sible receiver-image interference. 

Careful study was made of beamwidth 
pattern interference in this area and maxi¬ 
mum guard angles were used in choosing 
the frequencies to allow for sidelobe and 
overshoot interferences from and to an¬ 
tennas having 1/2-power beamwidths of 
5 to 6 degrees. Consideration of safety 
factors for misfocusing of the dipole ele¬ 
ments and for beamwidth azimuth move¬ 
ment caused by wind and ice forces on the 
paraboloids and towers was another 
reason for choosing separated frequencies 
to reduce interference possibilities. 

In the Houston-Galveston area ther e 
are five separate commercial microwave 
systems, namely for the Trunkline Gas 
Company and the Transcontinental Pipe 
Line Company in the 1,850- to 1,990-mc 
band and for the Humble Pipeline Com¬ 
pany, the Texas-Illinois Pipe Line Com¬ 
pany, and the Santa Fe Railroad in the 
6,575- to 6,875-mc band. 

Had these systems been chosen to 
operate in the same frequency band, care¬ 
ful juggling of the different frequencies 
would have been necessary to avoid in¬ 
terference. Restricted beamwidth pat¬ 
terns with guard angles may have been 
necessary to allow use of the same trans¬ 
mit or receive frequencies. Since Houston 
is a focal station point, it is conceivable 
that in the near future new systems in¬ 
stalled in this area may require the use of 
one frequency band in the Houston vicin¬ 
ity and another frequency band in out¬ 
side,. less congested areas. At that time 
special co-ordination survey studies will 
become a necessity. 

In the Kansas City area there are three 
separate commercial microwave systems, 
namely for the Platte Pipe Line Company 
the Sinclair Pipe Line Company, and the 
Panhandle Eastern Pipeline Company, all 
in the 6,575- to 6,875-mc band. Al¬ 
though this band is 300 me wide as com¬ 
pared to 140 me for the 1,850- to 1,990-mc 
band, the use of passive reflectors re¬ 
quires four separate frequencies for 
transmitting and receiving, at a repeater 
station. Requiring at least a 40-mc sep¬ 
aration between transmit frequencies and 
a 120-mc separation between transmit 


and receive frequencies, systems of this 
type use more band frequencies, especially 
if the beamwidth patterns overlap and re¬ 
quire separate frequencies. 

Kansas City is a typical growing indus¬ 
trial center. Pipe-line companies, to¬ 
gether with power companies, railroads, 
turnpikes, and other eligible industries, 
are planning microwave systems in or 
around areas of this nature. Without co¬ 
ordination of microwave frequencies and 
beamwidth patterns, resulting inter¬ 
ferences and confusion will greatly reduce 
the utilization of the bands now available 
on a shared basis. Other areas which are 
also rapidly approaching a point of con¬ 
cern for co-ordination in the 1,900- and 
6,700-mc bands are around Los Angeles, 
St. Louis, and New York. 

Potential System Application 

The possibilities of microwave com¬ 
munication system application are un¬ 
limited, and broad in scope. They exist 
because microwave serves as a main high¬ 
way for many varied forms of communi¬ 
cation required by many different indus¬ 
try and safety groups which are now 
obliged to share the frequencies available 
in the commercial bands of 952 to 960 
me, 1,850 to 1,990 me, 2,110 to 2,200 me, 
2,450 to 2,700 me, 6,575 to 6,875 me, and 
12,200 to 12,700 me. 

With progress, the number of interested 
users will grow and so will the number of 
systems installed, whether the latter are 
privately owned, leased from the sup¬ 
pliers, or leased as private systems from 
the telephone utility companies. Proper 
methods of co-ordination and control 
must therefore be set up now to allow for 
the systematic and best use of the limited 
frequencies available for these broad-band 
types of microwave applications. 

Industry Sharing of Frequencies 

At present all licenses granted are on a 
developmental basis and all frequencies 
in the commercial microwave bands are 
on a shared basis. Service eligibility is 
usually limited to the groups now eligible 
for regular fixed and mobile radio service. 
Applications from other groups such as 
special industrial and service organiza¬ 
tions are considered separately on their 
relative importance and need. Equiva- 
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lent service through use of common-carrier 
facilities by microwave, cable, or wire is a 
factor in the consideration of applicants 
not specifically eligible under the Federal 
Communications Commission (FCC) 
rules and regulations. 

Because the frequency bands available 
allow for few 2-way r-f channels with ade¬ 
quate bandwidth and because the beam- 
width patterns are highly directive in¬ 
stead of omnidirectional or wide in na¬ 
ture, it is unlikely that microwave fre¬ 
quencies will be allocated in the future 
on a separate industry group basis as in 
mobile radio. 

Licensing Problems 

Since licenses are granted on a develop¬ 
mental basis, full standards have yet to be 
established for microwave systems, and 
the industry has had to get along on the 
various technical standards recommended 
by the manufacturers and laboratories 
supplying the equipment. Frequency 
recommendations, frequency stability, 
power output, bandwidths, and type emis¬ 
sion are given for the manufacturer’s type 
of equipment and usually are accepted by 
the FCC in its developmental grant for 
the construction and operation of micro- 
wave stations. 

Microwave communication systems in¬ 
stalled to date and those now available 
from the various manufacturers differ 
widely as to the type of antenna systems, 
r-f equipment, frequency stability, r-f 
bandwidth, and multiplexing. Installa¬ 
tions are growing on a “first come, first 
served” basis in the given area, and later 
arrivals will find it difficult to fit into the 
existing unco-ordinated situations in¬ 
volving different frequency separations, 
different bandwidths, and variations in 
antenna directivity and sidelobe toler¬ 
ances. 

Because of this growing confusion there 
is considerable activity on the part of 
various industry groups in the direction of 
standardization and establishment of a 
permanent Set of rules and regulations by 
the FCC. However, before this can be 
done, a number of factors must be con¬ 
sidered, including the effect on existing in¬ 
stalled systems, eligibility of other pos¬ 
sible users, extra engineering design costs 
to manufacturers, methods of controlling 
and recording beamwidths and guard 
angles, possible bandwidth packages for 
voice channel requirements, joint in¬ 
dustry co-ordination and administration 
procedures, system licensing instead of 
station licensing, field survey analyses, 
and independent certification. These and 
other factors are under discussion during 


the “shifting of gears” from temporary 
to permanent licensing. 

Spectrum Utilization. 

The possibility of frequency assign¬ 
ments based on geometry rather than on 
the frequency or service category has been 
discussed by Edwin L. White. 1 By this, 
he meant the sharing of frequencies with 
assignment of beamwidth patterns in the 
same area, thus increasing the number 
of potential r-f channels in any one area. 
He indicated that such an arrangement 
could be successful only if the best engi¬ 
neering techniques were applied to the 
directive antenna systems, their support¬ 
ing structures, and also the associated 
r-f and multiplex electronic equipment. 

Let us now consider what some of the 
system conditions are for which these 
“best engineering techniques” must strive 
to realize optimum spectrum utilization. 

R-F Bandwidth and Ultimate 
Multiplex Channels 

A desired situation on bandwidth would 
be one where the assigned bandwidth 
is the minimum for the ultimate number 
of multiplex telephone channels au¬ 
thorized for a potential user. This would 
allow for systematic grouping of the r-f 
carrier frequencies in each commercial 
band consistent with the user’s present 
and future needs. 

For example, it would make frequency 
assignments much easier if r-f bandwidth 
could grow with channel packages of 4, 8, 
16, 24, and 30 tdephone channels. Chan¬ 
nel bandwidths could be set aside in each 
band for these packages. Potential users 
would be required to justify their need for 
telephone capacity at the time of license 
application. 

Maximum Frequency Stability 

The highest order of frequency sta¬ 
bility, consistent with available tubes and 
circuitry technique, is desirable. This 
minimizes the total r-f transmitter devia¬ 
tion from the assigned carrier frequency 
and allows for narrower receiver band- 
widths. Direct crystal control, automatic 
frequency-controlled circuits, or tempera¬ 
ture-controlled oscillators realizing results 
of at least 0.01-per-cent stability or better 
should be strived for. 

MmiTnum and Restricted 

Beamwidths 

The use of antenna and reflecting sur¬ 
faces whose radiated energy is confined 


within a minimum specified radiated cone 
is desired to allow azimuth assignments 
of transmission and reception. 

Consistent with practical costs of tower¬ 
supporting structures, the maximum 1/2- 
power b eam widths allowed should be in 
the order of 4 degrees in the 1,900-mc 
band and 2 degrees in the 6,700-mc band. 
Guard angles on each side of the 3 dec- 
ibel points should be not more than 15 
degrees, at which outside points the signal 
level of sidelobe radiations should be at 
least 40 decibels down from the main 
radiation. 

Where antennas are mounted on sup¬ 
porting structures which are subject to 
twist and deflection, a method of measure¬ 
ment giving a continuous record of the 
azimuth movement of the radiated beam 
should be provided. All supporting 
structures should be so designed as not to 
twist more than the 1/2-power beamwidth 
under maxim um wind conditions for the 
area. This would be necessary in order 
to prevent interference between adjacent 
beamwidth patterns during high wind 
conditions. 

Minimum System Frequencies 

Antenna systems should be so designed 
as to require the use of a minimum of fre¬ 
quencies for transmit and receive at a re¬ 
peater station. This may be difficult with 
some antenna systems but should be a re¬ 
quirement for which to strive in all fre¬ 
quency bands. 

Practical Co-ordination 

Problems 

Microwave co-ordination in the com¬ 
mercial bands would be much easier of 
course, if the foregoing desired conditions 
existed today, but they do not. Through 
the processes of free competition, pressure 
from industry groups, self-control, and 
government guidance, it is believed that a 
co-ordinated group of microwave systems 
and area plans will evolve, which will 
eventually provide for the most efficient 
use of the spectrum. 

Co-ordination today, however, is faced 
with utilizing the present variety of prac¬ 
tices and analyzing applications of present 
microwave equipment. To co-ordinate 
system usage on the basis of exclusive fre¬ 
quency assignment in an area would be 
using the line of least resistance and 
would not be in the public interest. On 
the other hand, frequency assignment 
plans, based on a geographical basis, bring 
up many practical problems. Let us an¬ 
alyze a few of these practical problems 
that experiences have brought to light in 
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the past several years, as noted in the fol¬ 
lowing. 

Frequency Assignments and 
Overshoot Interference 

Overshoot interference as a result of 
abnormal refraction phenomena usually 
makes it necessary to assign alternate 
frequencies to a line of repeater stations in 
the same system; when new stations are 
located in an area by other users, possi¬ 
bilities of overshoot interference from 
other areas may result if the antenna 
orientation is approximately in line and 
the frequencies are the same. 

This is contrary to the expected “line- 
of-sight only” properties of microwave 
propagation. At times these overshoot 
signals may be stronger than the direct 
signal. Polarization and beamwidth 
changes in the antennas are of some help 
but do not give complete rejection. In 
most cases it will be important that initial 
field surveys be made to determine which 
group of frequency assignments, which 
frequency band, and possibly which type 
of multiplexing would best fit the loca¬ 
tions contemplated. Often these loca¬ 
tions may be fixed as a result of communi¬ 
cations requirements. 

Antenna Sizes, Beamwidths, and 
Path Lengths 

Most systems today are designed on the 
basis of having adequate reserve gain to 
allow for fading and maintenance margins. 
This usually means using higher gain an¬ 
tennas for long path lengths. Beam- 
widths become smaller with increase in 
antenna gain and larger with decrease. 
Paraboloid antenna areas increase with 
gain and naturally the assemblies become 
more costly with size. For short path 
lengths, then, small antennas with wide 
beamwidths up to 20 degrees, having suf¬ 
ficient gain, have been used for both 
economical and technical reasons. 

As the azimuth space in an area be¬ 
comes occupied it may be necessary that 
all antenna 1/2-power beamwidths be 
restricted to the smallest practical width 
for the particular frequency band. For 
example, at 1,900 me a 2-foot paraboloid 
has a beamwidth of approximately 18 de¬ 
grees whereas a 10-foot paraboloid has a 
beamwidth of approximately 3.5 de¬ 
grees. Similarly, at 6,700 me the beam- 
widths are approximately 5 degrees for a 
2-foot paraboloid and less than 2 degrees 
for a 6-foot paraboloid. Co-ordination 
efforts produce the problem of what to do 
with antennas already installed with wide 
beams in congested areas. 


Antenna Beamwidth Control and 
Tower Costs 

It may be easy to say that beamwidths 
should be as narrow as possible to allow 
for more sharing of frequencies in an 
area, but will it be practical to keep these 
beamwidths contained within narrow 
limits, especially in areas which have 
more than average wind velocities? 

Experience has shown that twist and 
deflection tolerances of =tl degree and 
±0.5 degree, respectively, are reasonable 
under conditions of 30 pounds per square 
foot of wind loading and 1/2 inch of ice 
loading, provided the tower heights are 
not much more than 300 feet. 

Measuring and logging the azimuth 
movement of an antenna and its sup¬ 
porting structure to control and allow 
close adjacent space operation of another 
beam, however, is a problem. Various 
methods have been suggested, such as the 
light beam method which uses a colli¬ 
mated beam of light from the tower to a 
calibrated graph which is continually 
photographed for a permanent record of 
the tower twist and deflection. 

Co-ordination will require that an ac¬ 
ceptable method of measurement be used 
or that independent engineering certifica¬ 
tion of tower rigidity and deflection tol¬ 
erances be made as a part of beamwidth 
space assignments. 

Back-to-Back and Reflection 
Interferences 

The radiating and rejection charac¬ 
teristics of paraboloid antennas and pas¬ 
sive reflectors are such that sidelobe inter¬ 
ferences are possible. Unexpected re¬ 
ceived signals from reflecting hills or 
buildings or even from similar strong 
radiating antennas, 180 degrees away, can 
often upset what appears to be a logical 
frequency assignment for the receiving 
station. Changes in polarization and 
beamwidth offer some help in reducing 
this type of interference. 

If possible, it would be desirable that 
antenna reflecting surfaces be improved 
and that the assemblies be more accu¬ 
rately tuned or focused for each particular 
frequency. Reduction of sidelobes would 
assist in lessening the guard angles be¬ 
tween adjacent beams of the same fre¬ 
quencies. 

In the 1,900-mc band, for example, at a 
backbone and sidehop station, there are 
not too many cases where the same re¬ 
ceiving frequency is used for all three 
directions, unless the guard angle be¬ 
tween beam directions is at least 80 to 90 
degrees. This is because of the wanted 


additional safety factor against the pos¬ 
sibility of poor rejection by the adjacent 
antennas. 

In the 6,700-mc band where passive re¬ 
flectors are employed, it becomes very 
difficult to use the same frequency in even 
two directions which are 180 degrees 
apart. Back-to-back interferences at a 
repeater require separate frequencies for 
each direction, thus utilizing more of the 
frequency spectrum. 

These and other similar interference 
problems will require considerable study 
for better co-ordination results. In con¬ 
gested areas, prior path testing in the dif¬ 
ferent frequency bands and with different 
types of antennas may be necessary to as¬ 
sure the best possible use of the limited 
frequencies available. 

Location Procurement and 

Accessibility 

One of the problems about which little 
can be done is location availability and 
the economic factors of power and roads. 
A pattern of frequency assignments based 
on specific beamwidth patterns may be 
well planned to avoid interferences, but 
may not be possible to put into effect. 
Right of way and easements may be dif¬ 
ficult or impossible to obtain for the 
planned locations. 

This problem stresses the importance 
of initial engineering and independent 
field surveys to enable the potential user 
and the coordination group to make the 
best decisions as to frequency assign¬ 
ments prior to equipment purchase. It 
is also advisable that the potential user 
reserve his decision as to which com¬ 
mercial equipment to purchase until he 
has the answer to his land and location 
problem. 

R-F Bandwidth, Frequency Stability, 

and Multiplexing Systems 

The co-ordination problem here is a 
complex one because of the lack of stand¬ 
ardization in system design and because 
of the several different commercial fre¬ 
quency bands available. Competitive 
forces, a large potential market, and the 
false feeling of no foreseeable congestion 
in the microwave bands will probably 
continue to keep alive these various dif¬ 
ferences. 

Briefly, there are now available eight 
different types of systems, namely from 
General Electric, Motorola, Radio Cor¬ 
poration of America, Westinghouse, 
Federal, Collins, Philco, and Automatic 
Electric, with several other companies 
planning new systems soon to be re- 
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leased. Each of these systems has its 
relative advantages and disadvantages for 
, particular applications. Until recently 
there has been little thought to co-ordina¬ 
tion of different systems in the same area. 
As a result, a common allocation plan of 
r-f carrier frequencies and bandwidths 
will be difficult to determine unless some 
re-engineering of equipment is done. 

An analysis of these various systems 
will show, however, that it may be prac¬ 
tical to group them into bandwidth versus 
number of multiplex channels. For ex¬ 
ample, in a case where the ultimate 
need of telephone channels is only four, 
the systems authorized for licensing would 
be those requiring a minimum bandwidth 
for these four channels. 

Following this line of reasoning, per¬ 
haps a division of systems into those most 
suitable for 5 me, including the guard 


bands, and 10 me, including the guard 
bands, would be a logical step towards 
the most efficient use of the spectrum 
bandwidth versus type of multiplex sys¬ 
tem, method of modulation, and fre¬ 
quency stability. This would allow as¬ 
signment of a minimum required amount 
of bandwidth to qualified applicants and 
would permit them to engineer and pur¬ 
chase the system which makes the most 
efficient use of bandwidth. 

User Co-ordination 

A joint industry group called the 
Microwave Users Council has been formed 
recently. This council represents some 
16 radio service groups in the category of 
safety and special services, such as the 
petroleum, power, railroad, forestry, 
police, highway, and other groups. The 


council will serve as a clearing house of in¬ 
formation on installed and proposed non- 
common-carrier microwave communica¬ 
tion systems. This information will be 
available to the prospective user and his 
engineer or consultant engaged in the 
planning of a new microwave system. 
For assurance that the type and routing 
of the microwave system planned is prop¬ 
erly co-ordinated as to interference and 
future growth, it is advisable that an in¬ 
dependent physical survey and study be 
performed to indicate the most suitable 
frequency band and the most appropriate 
microwave equipment for the applica¬ 
tion. 
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Synopsis. The digital data-recorder stores 
in digital form continuous voltages from 
various transducers. It records for 8 
minutes with 0.6-per-cent precision one 
channel of 1,600-cycle bandwidth and eight 
channels of 200-cycle bandwidth each. 
The design provides for additional ampli¬ 
tude-modulated (a-m) channels, with a 
bandwidth up to 80 kc if the operating time 
is reduced. The volume specification for 
the recorder is 500 cubic inches. Because 
of the digital representation of the data, 
more information can be stored in the 
limited space, the data can be reduced 
automatically, and calibration is simplified. 
While this paper gives block diagrams and 
wave forms for a specific application, the 
results are applicable for many instrumenta¬ 
tion systems. 

Introduction 

T HIS paper describes the design and 
operation of a magnetic digital data- 
recorder for torpedoes. To obtain cer¬ 
tain characteristics of the submerged 
torpedo, a large amount of data must be 
recorded while the torpedo is under 
water. Similar recording requirements 
are encountered in the aircraft and mis¬ 
sile fields. Existing recorders are inade¬ 


quate for many applications where much 
information must be stored in limited 
space. 

The information is recorded in digital 
form for compactness. An investigation 
showed that digital data representation 
uses the available space most economi¬ 
cally for this application. 1 

Information recorded in digital repre¬ 
sentation is especially well suited for 
automatic data reduction. Labor sav- 
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ings of at least a factor of 100 can be 
realized. This is important, since the 
digital data-recorder stores so much 
more information than other recorders 
of the same size. However, digital repre¬ 
sentation does not preclude rapid qualita¬ 
tive examination of the records without 
complex data reduction equipment. 

To store the data in digital form/ the 
information must be sampled. The chan¬ 
nel bandwidth specifications listed here 
are in terms of samples per second. With 
approximately three samples per cycle of 
the highest information frequency in 
each channel, all information can be re¬ 
covered with the specified accuracy. 

Specifications 

The minimum design-goal specifications 
of the digital data-recorder are shown in 
the following: 



Fig. 1. Major units of recorder 


Hollander—Digital Data-Recorder Stores Continuous Voltages 


253 


July 1954 





Precision of the data. „_ + 

Bandwidth of the precision channels: 

t,mc . . «*— 

Maximum mounting circle diameter. 19 : nc]ies 

AmWM^+X°^ Ume * +.500 cubic inches 

Ambient temperatures..0 to 66 degrees centigrade 


In addition to the nine precision channels 
just mentioned, a-m channels with a 
bandwidth of 10,000 cycles per second 
are available. When the operating tim e 
is reduced proportionately, the bandwidth 
of the a-m channels can be increased to 
80,000 cycles per second. 

The nine precision channels can be 
combined into a single channel with a 
sampling rate of approximately 10,000 
samples per second. Other combinations 
of the eight low-frequency channels can 
yield four channels with a sampling rate of 
1,200 samples per second, or two channels 
of 2,400 samples per second. These 
changes do not require any internal ad¬ 
justments of the recorder. 

With the flexible building-block de si g n, 
digital data-recorders can be packaged to 
other specifications as dictated by the ap¬ 
plication. Two typical alternatives are 
described later in the paper. 

The Recorder 

Essentially, the digital data-recorder 
consists of a 28-track magnetic tape re¬ 
corder and auxiliary circuits that multi¬ 
plex the input channels and convert the 
voltages into binary code; see Fig. 1. 
While the auxiliary circuits occupy as 
much space as the data storage unit, the 
more efficient data representation yields 
an over-all volume reduction for operating 
times of more than 5 minutes. 

The major components of the recorder 
are shown in Fig. 1. The input-channel 
selector connects one of the input chann els 
to the sampler, which samples the se¬ 
lected voltage quickly and holds it during 
the entire coding interval. The coder 
converts the sampled voltage to digital 
form, which is then stored in the data 
storage unit. The synchronizing genera¬ 
tor supplies counting pulses for the coder 
and co-ordinates the timing of all opera¬ 
tions. A synchronizing pulse from the 
input-channel selector is also recorded 
to aid in identifying the data during play¬ 
back. 

Selection or Storage Medium 

Magnetic tape has been selected as the 
storage medium because the information 
can be recorded compactly, the output on 
playback is electrical, tape has a time 


dimension, and the techniques and com - 
ponents are well developed. Both mag¬ 
netic tape and photographic film allow 
compact storage, but available digital 
transducers for high-speed photography 
are too large. Electric signals from the 
playback device are needed for automatic 
data reduction. With a time dimension 
in paper strips, magnetic tape, and photo¬ 
graphic film, the location of the data in¬ 
dicates when they have been recorded 
without requiring elaborate program¬ 
ming. 

Reason ror Digital Data 
Representation 

The advantages of digital representa¬ 
tion for automatic data reduction have 
already been indicated. Now it will be 
shown that a-m and frequency-modula¬ 
tion (f-m) recorders could not meet the 
specifications to store the large amount of 
information in 500 cubic inches. 

Amplitude modulation of magnetic flux 
density cannot meet the precision specifi¬ 
cation. Amplitude modulaton of spatial 
displacement, as exemplified by an oscillo¬ 
graphic film recorder, can have sufficient 
resolution, but too much space may be 
needed. In an oscillographic film re¬ 
corder the velocity of the film for 0.5-per¬ 
cent precision must be 

0.219/ 

where / is the highest signal frequency to 
be recorded with this precision. This 
means that for a 1,000-cycle-per-second 
signal the film speed must be at least 219 
inches per second. Actually, a film speed 
of at least 440 inches per second should 
be used for a reasonable data reduction 
effort. 2 This requires more than 500 
cubic inches for the space occupied by the 
film alone. 

For f-m tape recording, rule of thumb 
indicates that for a 2-per-cent precision 
the carrier frequency should be at least 
50 times the highest modulating fre¬ 
quency. According to preliminary re¬ 
sults of another investigation, for 0.5-per¬ 
cent precision on a 1,000-cycle signal the 
carrier frequency should be at least 100 
kc, requiring a tape speed of approxi¬ 
mately 100 inches per second. With this 
speed, ten times faster than the normal 
tape speed in the digital recorder, the 


tape alone would occupy more than 500 
cubic inches. 

According to the specifications, in digi-. 
tal representation 10,000 samples per 
second must be stored for 500 seconds. 
In the digital data-recorder, the 2-inch 
tape stores 900 samples per inch, using a 
pulse density of 300 pulses per inch. 
This requires a tape speed of 11 inches per 
second. While the required tape volume 
is only 22 cubic inches, 120 cubic inches 
have been allowed for the tape and the 
necessaiy take-up and supply reels. 
Even with the 250 cubic inches of coding 
and multiplexing equipment, the 500- 
cubic-inch volume specification can be 
met. 

Thus, in addition to the advantage of 
automatic data reduction, digital repre¬ 
sentation allows denser storage of the in¬ 
formation. This yields a smaller over¬ 
all package if so much data must be re¬ 
corded that the saving of storage space is 
greater than the volume occupied by the 
additional equipment which converts the 
information into digital code. 

Ease of Calibration 

When information is in digital form, its 
accuracy does not change with variations 
of circuit components. Thus only those 
circuits where the information is in ana- 
logue representation need to be calibrated. 
Since most of these analogue circuits are 
common to all input channels, usually 
only one channel needs to be calibrated. 
Furthermore, if a reference voltage like 
the transducer excitation is recorded in 
one channel, calibration is automatic 
many times each second. 

Scope of Paper 

The next section describes the opera¬ 
tion of the recorder with block diagrams 
and wave forms. Then the permissible 
tolerances and errors for each component 
of the recorder are given. Finally, the 
important phase of data reduction is 
treated briefly. 

Recorder Operation 

This section describes how the digital 
data-recorder works. Fig. 2 is a detailed 
block diagram of the recorder. Dotted 
lines group the functional components as 
shown in Fig. 1, The timing schedule 
can be studied with the wave forms in 
Fig. 3. The recording of a single input 
channel will be discussed first, and the 
input multiplexing will be described later. 

The sampling repetition period is the 
interval between two successive samp les; 
in other words, it is the inverse of the 
sampling rate. The sampling duration is 
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Fig. 2. Block diagram of recorder 

the brief interval when a voltage is 
actually sampled. Thus, the sampling 
repetition period is the sum of the coding 
interval and the sampling duration and 
recovery time. 

For 0.5-per-cent over-all precision in 
the recorded data, about 200 counting 
pulses must occur during the coding in¬ 
terval. Additional time, between 20 and 
50 counting pulses, must be allowed for 


SYNCHRONIZING GENERATOR 


the sampling duration and for the re¬ 
covery time of the various circuits. Thus, 
a sampling repetition period 256 count¬ 
ing pulses long provides ample safety 
factor. 

Synchronizing Generator 

The synchronizing generator provides 
the counting pulses for the coder and the 
synchronizing signals which co-ordinate 


the timing of the recorder. Each, of these 
synchronizing signals occurs once during 
each sampling repetition period, but not 
necessarily at the same time. 

The counting pulses are generated in a 
crystal-controlled oscillator which has 
excellent stability even without tempera¬ 
ture stabilization. The frequency di¬ 
vider, three multivibrators, counts down 
the counting pulses by the chosen factor 
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1) CRYSTAL OSCILLATOR OUTPUT. 

0) COUNTING PULSES. 

b) SYNCHRONIZATION . 

2) OUTPUT FROM LAST STAGE OF FREQUENCY 
DIVIDER**THIS DETERMINES THE LENGTH 
OF THE SAMPLING REPETITION PERIOD. 

3) PULSES FORMEO FROM WAVEFORM 2. 

0) TRIGGER THE SWEEP GENERATOR . 

b) ADMIT COUNTING PULSES TO THE BINARY 
COUNTER. 

C)OPERATE THE TRACK SELECTOR, 
d) OPERATE THE INPUT SELECTOR. 

4) PULSES FORMED FROM INVERTED WAVEFORM 2. 

a) OPERATE THE SAMPLER. 

b) TRANSFER COUNT TO THE RECORDING HEADS. 
Cl CLEAR THE BINARY COUNTER FOR THE 

NEXT SAMPLE . 


3) OUTPUT FROM SAMPLER-THE VOLTAGE SAMPLE 
TO BE REGORDEO. 


6) OUTPUT FROM LINEAR SWEEP GENERATOR-THE 
REFERENCE FOR THE COMPARATOR. 


7) OUTPUT FROM COMPARATOR - A RISE IN TH IS 
VOLTAGE CLOSES THE COUNTING GATE. 


«) COUNTING PULSES-REPRESENT THE VALUE TO 
BE RECORDED. 


9) WAVEFORM 4 WITH TIME DELAY -CLEARS THE 
BINARY COUNTER. 


10) OUTPUT FROM 2-STATE COUHTER-OURING 

HIGHER VOLTAGE PERIOO, GATE I IS CONNECTED 
TO THE SAMPLER. 



Fig. 3. Recorder timing schedule 


of 256. The output of the last multivi¬ 
brator is wave form 2 of Fig. 3, with a 
repetition frequency equal to the sampling 
rate. The output of the synchronizing 
generator need only signify the beginning 
and the end of the coding interval. Be¬ 
cause the coding interval takes up more 
than half of the sampling repetition 
period, the output-wave form 2 from the 
last multivibrator stage has been made 
unsymmetrical so that the positive por¬ 
tion determines the coding interval and 
the negative portion determines the 
sampling duration and recovery time. 
The synchronizing pulses shown in wave 
forms 3 and 4 are generated by simple 
resistance-capacitance pulse shapers. 


Sampler 

The sampler stores the instantaneous 
value of the voltage to be recorded and 
holds it constant for the entire coding 
interval. The coding interval is so long 
that without the sampler the input volt¬ 
age would change considerably during 
this time. Such voltage change during 
the coding interval results in uncertain¬ 
ties which would preclude reconstitution 
of the signal with only three samples per 
cycle of the highest frequency. 

Basically, the sampler consists of a stor¬ 
age capacitor and a single-pole single¬ 
throw switch, which connects the selected 
voltage to the capacitor and when the 
sampler is triggered by wave form 4. 


Since the sampling duration, the time 
when the sample is actually taken, is 
only a few microseconds long, the switch 
must be electronic. 

Coder 

The coder, which converts the sampled 
voltage into digital form, is a conven¬ 
tional sweep-timing analogue-to-digital 
converter. 3 The pulses from the crystal 
oscillator that are passed by the counting 
gate are counted in the binary counter. 
The value of the sampled voltage deter¬ 
mines how many counting pulses are 
passed by the gate during one coding 
interval. 

At the beginning of the coding interval, 
the pulse of wave form 3 starts the linear 
sweep generator and opens the counting ‘ 
gate. As shown in wave form 6, the out¬ 
put from the sweep generator is a voltage 
which varies linearly with respect to time 
between the two extreme possible values 
of the sampled voltage. When the sam¬ 
pled voltage, wave form 5, and the out¬ 
put from the linear sweep generator, wave 
form 6, are equal, the output from the 
comparator rises and shuts off the count¬ 
ing gate. Thus, the number of pulses 
that are passed into the binary counter is 
directly proportional to the amplitude of 
the sampled voltage. 

At the end of the coding interval the re¬ 
cording gate is opened by the pulse of 
wave form 4, and the binary digits of the 
number in the counter are transferred in 
parallel to the recording amplifiers. After 
a short delay the clear pulse, wave form 
9, resets the binary counter to zero. 

The coder is the most critical part in 
the entire recorder. The maximum 
counting rate of the binary counter limits 
the sampling rate of the recorder. As 
shown in the section on tolerances, the 
nonlinearity of the sweep and the uncer¬ 
tainty of coincidence detection in the 
comparator are primary accuracy and pre¬ 
cision limitations. 

Data Storage 

The data storage unit is basically a 
conventional magnetic tape recorder. 
An unusual feature is that successive 
samples (inputs) are stored in different 
track groups to utilize the full tape width. 
This section treats the components of the 
data storage unit and the arrangement for 
storing the digits of the information. 

The present design provides for at 
least 28 tracks on the 2-inch magnetic 
tape. Since each coded sample contains 
nine binary digits, including one checking 
digit to be described later, the digits for 
each sample are recorded simultaneously 
in nine tracks, called a track group. 
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Fig. 4. Channel-selection timing schedule 


Two or three track groups of digital in¬ 
formation can be accommodated on the 
tape, depending on how many tracks 
are reserved for a-m channels or for addi¬ 
tional checking. For a given sampling 
rate and a given minimum spacing of the 
digit pulses on the tape, more track 
groups permit lower tape speeds. Thus, 
different arrangements provide different 
additional features over the minimum 
specifications. 

For maximum recording time, the digi¬ 
tal information is distributed into three 
track groups, and only one track is left 
for a-m recording. With three digital 
track groups and a pulse spacing of 300 
pulses per inch, the tape speed is 11 inches 
per second. Seven-inch reels will provide 
a recording time of nearly 20 minutes. 
Because of the low tape speed, the fre¬ 
quency response of the a-m channel is 
limited to approximately 12 kc. 

For more a-m channels when the run¬ 
ning time can be reduced to 8 to 10 
minutes, the digital information is divided 
into two track groups with a density of 
250 pulses per inch. Since the tape now 
must operate at 20 inches per second, the 
frequency response of the a-m channels 
will be better than 20 kc. 

Since digital information is recorded in 
only one track group at a time, one set of 
nine recording amplifiers can be shared 
by all track groups. The track selector 
is an electronic 9-pole, 2-position or 3- 
position switch that rotates the digits to 
the recording heads of the different track 
groups. In general, the track selector 


consists of a counter and a diode matrix 
switch. For two track groups, the out¬ 
put from the 2-state counter, wave form 
10, can operate the diode matrix switch 
directly. 

The recording amplifiers consist of half 
a twin-triode stage for each track in a 
track group. Thus, only five tube en¬ 
velopes provide the necessary driving 
power for all recording heads. The re¬ 
cording amplifiers stretch the pulses 
enough so that the binary counter can be 
reset immediately. As stated before, the 
binary counter limits the speed of the digi¬ 
tal data-recorder, and prompt resetting in¬ 
creases the sampling rate. 

The tape transport must keep the tape 
speed only fairly constant, since the pre¬ 
cisely timed pulses in the digital channels 
are the basic time reference. However, 
if during recording the tape speed varies 
widely, say over 10 per cent, pulses will 
be stored too densely in some sections of 
the tape. The a-m channels require 
much more constant speed. While the 
digital data pulses can be used to correct 
the tape speed during playback, this be¬ 
comes increasingly difficult for speed 
variations above 1 per cent. Elaborate 
equipment for maintaining constant tape 
speed increases the size of the magnetic 
tape recorder. Therefore, a compromise is 
reached by using a motor with such torque- 
speed characteristics that provide as con¬ 
stant a tape speed as possible without 
special speed-regulating devices. 

The a-m channels, not shown in Fig. 2, 
have a separate group of recording ampli- 


Input-Channel Selector 

The input selector in Fig. 2 is a high¬ 
speed electronic switch which connects 
one of the input channels to the sampler 
for about 100 microseconds in the se¬ 
quence shown in Fig. 4. Channel 1, 
with a sampling rate of 5,000 samples per 
second, is connected to the sampler every 
other 100-microsecond sampling repeti¬ 
tion period. The other eight channels 
are connected consecutively in the inter¬ 
mediate intervals. Thus, each low-fre¬ 
quency channel is recorded once every 16 
sampling repetition periods or once every 
1,600 microseconds. 

To keep the output of the selector pro¬ 
portional to the selected input voltage, 
each selecting gate is a cathode follower 
which can be cut off by a voltage at one 
of its two grids. A single resistor is used 
as a load for the nine tubes, so that the 
voltages from the various channels can be 
separated without nonlinear elements, 
such as diodes. 

A selecting gate is opened by applying 
a positive potential to its screen grid. 
The pulses from the pulse shaper, wave 
form 3, occur 16 times for one complete 
cycle of the input-channel selector. 
The 2-state counter opens gate 1 every 
other time. In the alternate periods, 
wave form 11 triggers the 8-state counter 
which opens the other eight gates sequen¬ 
tially through the diode matrix switch. 

Since information from several input 
channels is recorded in the same track 
group, a channel-synchronizing pulse is 
recorded with the information from chan¬ 
nel 2 to unscramble the records at play¬ 
back. Thus, every odd (first, third, 
fifth, etc.) sample after the channel-syn¬ 
chronizing pulse belongs to channel 1. 


Ri«R 



ANALOG 

VOLTAGE 


Fig. 5. A typical decoding scheme 
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Similarly, every second pulse after the 
synchronizing pulse belongs to channel 3; 
fourth pulse, to channel 4; etc. 


digit to the 8-digit code for each sample. 
The value of the ninth digit is chosen so 
that the number of ones in the 9-digit 
code is odd. With this odd-parity check, 
each sample has at least one one that 
can be used as a timing mark. 

Automatic Data Reduction 


Tolerances and Errors 

The accuracy requirements of the digi¬ 
tal data-recorder are very stringent. 
While the information is in analogue rep¬ 
resentation, the data are kept accurate 
by limiting the permissible deterioration 
in each stage. After the information 
has been quantized, it is accurate unless 
a digit is lost completely. This rare 
digit loss is detected by an error-checking 
code. 

Tolerances of Analogue Components 

In setting the tolerances of the ana¬ 
logue components, remember that the 
errors in the various components are 
statistically independent. Then, the 
total expected error is the square root of 
the sum of the squares of the expected 
component errors, the well-known rms 
relationship. The limits of signal de¬ 
terioration allowed in each critical stage 
in per cent of the maximum range of the 
signal are: 


Input-channel selector.±0.1 

Synchronizing generator.±0.01 

Sampler.±0.1 

Linear sweep generator.±0.2 

Quantizing error.±0.25 

Comparator.±0.25 


With this tolerance schedule, the maxi¬ 
mum expected error is ±0.43 per cent. 

These error values have been selected 
to equalize the design complexity of each 
critical component. Each component 
has been built by others for much better 
accuracies; but in this recorder, size 
and power requirements must be balanced 
with precision. Thus, the task is com¬ 
plicated by the miniaturization require¬ 
ments. A recent report 4 shows detailed 
precision computations for the circuits. 

Error-Checking Code 

In digital representation, the accuracy 
of the information does not vary with 
changes in circuit components. How¬ 
ever, occasionally a digit may be lost 
entirely* usually because of a flaw in the 
magnetic tape. These rare errors can 
usually be detected by adding a ninth 


Automatic data reduction is one of the 
chief advantages of the digital data-re¬ 
corder. The primary reason for designing 
a digital data-recorder is to gather a large 
mass of information. The required data 
reduction effort increases proportionally 
to the amount of information; that is, 
proportionally to the channel bandwidth, 
the recording time, and the precision. 
With so much information to be proc¬ 
essed, automatic data reduction will gener¬ 
ally cut the required labor by a factor of 
at least 100. 

The complexity of the data reduction 
equipment depends on the desired com¬ 
putations and precision. For qualitative 
examination the digital data-recorder 
needs very little data reduction equip¬ 
ment. For precise computation of re¬ 
sults, much time is saved with completely 
automatic data reduction using com¬ 
puters. 

For minimum reduction equipment, 
eight relays can be connected as shown 
schematically in Fig. 5 to decode the digi¬ 
tal data into analogue form. The output 
from the decoder is plotted on a pen re¬ 
corder where it can be analyzed visually. 
This simplified arrangement loses the 
automatic-reduction advantage of the 
digital recorder, but it illustrates the 
flexibility of the reduction of digital data. 
Yet for precise computations, manual 
labor can be completely eliminated and 
results are available before they are obso¬ 
lete. 

Could other types of recording produce 
raw data suitable for fully automatic re¬ 
duction? The main obstacle to auto¬ 
matic data reduction for most recording 
methods is the automatic reading and 
sorting of the information in the storage 
device. 

A general block diagram of any play¬ 
back device for a multichannel data sys¬ 
tem is shown in Fig. 6. The reader de¬ 
tects all signals in all channels. The syn¬ 
chronizing signals control a channel 
sorter which permits only the desired data 
channels to pass for further processing. 
Table I compares the components of the 
playback operations of a multichannel os- 


Table I. Comparison of Playback from 
Multichannel Oscillograph and Magnetic 
Digital Recorder 


Multichannel 

Oscillograph 

Magnetic 

Digital 

Recorder 

Reader.operator or fly-., 

. .reading heads 

ing spot 


scanner 


Synchronizing.. J shape of trace.. 

. .synchronizing 

signals t interruptions 

signal on 


extra track 

Sorter control ) . .operator.. 

. . simple relay or 

Channel sorter) 

tube circuit 


allograph recorder and of a magnetically 
recorded multichannel digital recorder. 

Reading of film oscillograph records 
usually requires an operator. The syn¬ 
chronization signals are generally periodic 
interruptions of several traces, or other 
distinguishing marks, such as different 
colors. No special synchronizing signal 
is needed when the shape of the trace is 
known a priori, but then the trace con¬ 
tains less information. If each trace were 
confined to a separate portion of the film, 
a flying spot scanner can reduce the rec¬ 
ords automatically; but this also limits 
the total excursion of each trace to a frac¬ 
tion of the film, thus lowering the resolu¬ 
tion. 

In the case of the digital data-recorder, 
the magnetic tape is read by standard 
magnetic reading heads. The syn¬ 
chronizing signals, which are recorded in 
a separate track, operate the channel 
sorter. The channel sorter and sorter 
control are essentially an inverse arrange¬ 
ment of the selecting gates in the digital 
data-recorder. Since playback can pro¬ 
ceed much more slowly than recording, 
relays can be used in place of the diodes 
and tubes in the recorder, thus insuring 
reliability and minimum voltage drop 
across the gates. 

While automatic playback of digitally 
recorded data presents no difficulty, most 
other common recording methods require 
a human operator when the storage 
medium is used efficiently. 

Conclusions 

This paper has presented the design of a 
recorder that stores in digital form con¬ 
tinuous voltages from various transducers. 
In digital representation: 

1. More information can be stored in 
limited space. 

2. The data can be reduced automatically. 

3. Calibration is simplified, because the 
same critical circuits are shared by all 
channels. 

While this paper describes a specific de- 
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sign, the principle of digital representa¬ 
tion can be used advantageously for many 
, instrumentation systems where space is 
at a premium. 

The digital data-recorder is primarily 
intended for storing a large mass of in¬ 
formation. It is impractical to reduce 
so much information manually. The 
digital representation of the data makes 
automatic reduction possible; while ana¬ 
logue traces can be obtained easily with a 
few relays and a pen recorder. 


The significance of this design is that 
for most high-precision, wide-band re¬ 
cording application, digital representa¬ 
tion of the data yields the smallest pack¬ 
age, even if the coding equipment is in¬ 
cluded in it. The individual circuits are 
conventional. 

References 

1. Digital Data Recorder—An Investigation 
of Dense Storage of Information, Gerhard L. 
Hollander. Technical Memorandum No. 6897- 


TM-12, Massachusetts Institute of Technology, 
Servomechanisms Laboratory, Cambridge, Mass., 
1953, pp. 47-54. 

2. Ibid., p. 25b. 

3. Criteria for the Selection of Analoo-to- 
Dioital Converters, Gerhard L. Hollander. 
Proceedings, National Electronics Conference, 
Chicago, Ill., vol. 9, 1953, p. 673. 

4. Design Study of a Digital Data-Recorder, 
Gerhard L. Hollander, Thomas P. Sifterlen. 
Engineering Report No. 6897-ER-6, Massachusetts 
Institute of Technology, Servomechanisms, Labo¬ 
ratory, Cambridge, Mass., April 7, 1954. 

5. Bibliography on Data Storage and Re 
cording, Gerhard L. Hollander. AIEE Trans 
actions, vol. 73, pt. I, March 1954, pp. 49-58. 


No Discussion 


Electric Circuit Models of the Nuclear 

Reactor 
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Synopsis: A series of equivalent circuits 
are established for the partial differential 
equations representing the diffusion of 
neutrons in a reactor. One-, two-, and 
three-dimensional spatial models, valid 
for all curvilinear orthogonal reference 
frames, are given first for monoenergetic 
neutrons. The presence of variable-energy 
neutrons is represented next by the ap¬ 
pearance of a fourth dimension. Variation 
of neutron density in time is also considered 
along an extra fifth dimension. Circuit 
models with arbitrary shapes and with tens 
of thousands of net points may now be 
solved quickly and efficiently with the aid 
of digital computers by the recently de¬ 
veloped tensorial method of tearing the 
model apart into smaller parts and solving 
each part separately. The effect of movable 
and variable control fixtures in the reactor, 
also a variation in composition, may now 
be considered without repeating the solu¬ 
tions arrived at for the rest of the reactor. 

Introduction 

Electric Power Engineers 
and Electronics 

A S THE first large-scale industrial 
application of nuclear energy ap¬ 
pears to be at present the generation of 
electric power, the electric power engineer 
is again being pressed by circumstances 
outside his control to get acquainted with 
a new physical science, namely, nucleonics 
and quantum mechanics. Three decades 
ago a similar situation confronted the 
electric power engineer when the arrival 
of radio forced him to study electronics 
and electromagnetic wave theory. 


No one can deny that the sciences of 
waves and electronics both profited by 
concepts of the electric power engineer, 
namely, by the concepts of impedance, of 
equivalent circuit etc., after suitable 
generalizations, of course. There is every 
reason to believe that in the coming coali¬ 
tion between the electric power engineer 
and nuclear engineer the latter will also 
profit by his contact with the power en¬ 
gineer and his basic concepts. 

Electric Power Engineers 
and Nucleonics 

One such contact exists already in the 
form of an electric circuit model for the 
wave equations of Schrodinger. 1 These 
equations play the same basic role in 
quantum mechanics and nucleonics that 
the field equations of Maxwell do in radio 
and electronics. The familiar concepts 
of natural frequencies of an electric cir¬ 
cuit and the distribution of potentials in a 
circuit may replace the eigen-value and 
eigen-function concepts of the physicist, 
customarily wrapped in the language of 
Hermite and other polynomials. 

The present paper establishes another 
contact between the electric power en¬ 
gineer and the nuclear engineer. A set 
of electric circuit models (equivalent cir¬ 
cuits) are established for the linear partial 
differential equations representing the 
diffusion of neutrons in a nuclear reactor 
of arbitrary shape. The well-known 
equations of diffusions may be expressed 


in any arbitrary curvilinear co-ordinate 
system along one, two, or three spatial 
dimensions. The variable energy of neu¬ 
trons is represented in the model either 
more exactly as a fourth dimension, or 
approximately as a parameter of the 
multigroup theory. The variation of 
neutrons in time is introduced also as an 
additional fifth dimension. Of course, 
any combination of spatial, energy, and 
tfmp dimensions may be assumed as 
desired. 

Nuclear Reactor as a Transmission 
System 

The electric circuit model of a reactor 
is analogous to an electric power trans¬ 
mission network and it gives a visual pic¬ 
ture of several of the processes (greatly 
simplified) that take place in a reactor. 
Each generator (impressed junction cur¬ 
rent) represents a generation of neutrons 
by fission. The loads (impedance to 
ground) stand for the absorption of neu¬ 
trons by the materials in the reactor, while 
the flow of electric current along the trans¬ 
mission network itself represents the dif¬ 
fusion of neutrons (the neutron current) 
from point to point within the reactor. 
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Fig. i. Cylindrical reactor with core and 
reflector 

The absolute potential at every junction 
is equal to the neutrons of some particu¬ 
lar energy appearing at that point of 
space. 

Several of the equivalent circuits were 
published by the author in 1945,® with¬ 
out, however, any reference to applica¬ 
tion to the nuclear reactor. The present 
paper merely reinterprets the circuit 
symbolism in terms of the declassified 
and published neutron diffusion equa¬ 
tions. 3 The paper also assumes special 
and more general cases. 

Also it may be mentioned that the 1- 
dimensional circuit model has been used 
successfully for the last 6 years for the 
analytical calculation of various types of 
nuclear reactors with spherical symmetry. 
The two and higher dimensional circuits, 
however, could not be put to use until re¬ 
cently for two reasons: 

1. The inadequacy and inexactness of all 
existing d-c and a-c network analyzers. 

2. The lack of any analytical method to 


solve extensive 2-dimensional electric net¬ 
works quickly and in an organized manner. 

Solving Large Physical Systems 
in Easy Stages 

Recently the author succeeded in de¬ 
veloping a highly efficient method of solv¬ 
ing physical systems in general and elec¬ 
tric networks in particular—possessing 
many thousands of variables—by means 
of already available high-speed digital 
computers. The new method consists of 
tearing the given network (or physical 
system) apart into several smaller net¬ 
works and solving each subdivision sepa¬ 
rately. The component solutions may 
afterward be interconnected to give the 
solution of the original large network. 
The remaining work consists of solving 
for the comparatively few number of 
variables appearing at the cuts. The 
latter solution may be accomplished (if 
necessary) by further tearing apart the 
cuts themselves. 

This method of interconnecting solu¬ 
tions has already been applied to three 
different types of electric networks; 
namely to: 

1. Electric power transmission networks 4-7 
in which the known variables are not cur¬ 
rents i but the far more difficult concepts 
of real powers P. 

2. The partial differential equations of 
Poisson and Laplace. 8 

3. The 2-dimensional field equations of 
Maxwell.® 

Singly and Multiply Grounded 
Networks 

It should be pointed out that, of these 
three types of circuit configurations, the 
solution of the Maxwellian circuits by 
tearing involves the least number of new 
concepts and is the fastest, because of the 
existence of ground impedances at every 
junction point. All the equivalent cir¬ 
cuits of the nuclear reactor have the same 
configuration as those of the 2-dimen¬ 
sional field equations of Maxwell (with 
pure resistances, though). Hence, the 
simplified method of solution of the equa¬ 
tion I=YE, outlined in reference 9 for 

Fig. 2 (below). One-dimen- \ 

sional network for one energy 

group / 


the field equations of Maxwell, are also 
valid without any change to the solution 
of the diffusion equations of the reactor 
I =YE if the impressed currents I are 
assumed to be known and the junction 
potentials E are assumed to be unknown. 

The boundary conditions in the nuclear 
reactor are also either open circuits, short 
circuits, or known impedances, etc. The 
problem of representation of free space 
extending to infinity arises in the reactor 
only as that of a short, extrapolated dis¬ 
tance. 

Reactors with Variable or 
Movable Parts 

The electric circuit model of I=YE 
offers either new types of iterative pro¬ 
cedures to find E (or Z) for a given I or 
exact procedures to find Z outright. 

If the impedance matrix Z of the reac¬ 
tor is calculated (instead of E only), it 
is possible to save a large amount of labor 
in cases where it is necessary to make 
changes in portions of the reactor. If 
the composition of certain component 
parts is changed, then it is not necessary 
to repeat the Z calculation for the rest 
of the reactor. Only the Z of the changed 
portion of the reactor needs to be recalcu¬ 
lated. The new component Z is then 
interconnected with the permanent Z of 
the rest of the reactor. If the angular 
or linear positions of some component 
parts are changed for control purposes, 
then only the interconnection of their Z 
need be changed, leaving all component 
Z’s themselves unchanged. 

The impedance matrices of cores, reflec¬ 
tors, and blankets with a large variety 
of compositions may thus be intercon¬ 
nected with a comparatively small 
amount of labor. Control problems in¬ 
volving movable or variable fixtures be- 
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Fig. 4 (left). 
Three - dimen¬ 
sional network 
for one energy 
group 


Fig. 5 (right). 
One - dimen¬ 
sional reactor 
with all energy 
groups 



c ome thereby amenable to more exact 
and still not too lengthy analysis. 

Advantages of the Method of Tearing 

The tensorial method of tearing a large 
system into several component parts and 
interconnecting the component solutions 
shows up to advantage not only when 
movable or variable parts exist in the 
reactor. Since a nuclear reactor usually 
can be subdivided in such a manner that 
several of the parts are identical, the 
solution of one part represents the solu¬ 
tion of all the identical parts. The fol¬ 
lowing additional advantages may also 
be claimed for solving nuclear reactor 
problems by the method of tearing : 8 > 9 

1. Tforisting digital computers may be 
used to solve reactors with thousands of 
assumed points. 

2. The inversion time (calculation of Z 
from a given Y) is reduced to a fraction of 
about 2/n 2 of conventional inverse calcula¬ 
tion time, where n is the number of sub¬ 
divisions. (This rule of thumb assumes 
that a specialized method is not used for 
the conventional inverse calculations, only 
the Gauss-Crout elimination method.) 

3. The final inverse matrix Z comes out 
in a factorized form, containing only a small 
fraction (about 1/V») of nonzero elements 
of the conventional inverse. 

4. The accuracy of calculations depends on 
the size of the subdivisions and the nature 
of cuts. The number of significant figures 
retained no longer depends on the size of 
the original system. 

5. The correctness of coding, of computer 
calculations, or of the analytical method 
itself may be checked at almost every step 
by subjecting the known results to physical 
tests (Kirchhoff’s laws, etc.). 

6. The calculation of Z consists of a suc¬ 
cession of addition, multiplication, and 
division of matrices. Hence, no special 
detailed subroutine coding of the computers 
is needed, only a sequence coding of matric 


manipulations. 

7. The equations of the given original 
systems are never written down, only those 
of subdivisions. Identical subdivisions are 
recorded only once, even though a large 
number of them may be identical. 

8. Since a large part of the final factorized 
inverse matrix has many identical matrices, 
only a fraction of the factorized inverse 
need be stored for the calculation of E for 
an assumed I. 

Steady-State, Monoenergetic 
Equivalent Circuits 

Analogies Between Reactors 
and Networks 

In an actual electric network the elec¬ 
tric charges are bodily transported from 
one portion of the network to another. 
When a network represents a nuclear 
reactor, then the motion of electric charges 
represents the motion of neutrons. The 
three basic concepts of a network, namely 
voltage c, current i, and impedance z (or 
admittance y) correspond to the following 
three basic concepts of the reactor: 

1. The absolute potential of a junction E 
represents the “neutron flux” nv, where n 
is the number of neutrons and v their 
velocity. That is, E represents the number 
of neutrons that are available to take part 
in the various reactions. 

2. The impedance z (or admittance y) 
of a coil represents the cross section S of a 
point of the reactor with respect to some 
particular nuclear reaction. (The inverse of 
S is the mean free path X of a particular 
reaction.) In diffusion (transport) phenom¬ 
ena the concept of a cross section repre¬ 
sents an impedance z, in absorption and 
scattering phenomena an admittance y. 

3. The current i in a coil represents the 
neutron current I flowing at the same point 
of the reactor in the same direction. It 
represents the flow of neutrons taking part 
in a particular reaction. 


Ohm’s law for each reaction is then 

t=yg|l aa ^^(m>) (1) 

It is interesting that the coils, repre¬ 
senting the cross sections (z or y) to dif¬ 
ferent nuclear reactions, are orthogonal to 
each other in the model. That is, all 
types of reactions, such as diffusion, ab¬ 
sorption, scattering, or fission, are repre¬ 
sented by spatially or topologically orthog¬ 
onal currents. 

Conditions of Continuity 

It should be emphasized that it is 
possible to assume other correspondence 
between circuit and reactor quantities. 
For instance, the absolute potential E 
may represent slowing-down density q, or 
number of neutrons n. However, this 
correspondence has the great advantage 
that at the interfaces of two different ma¬ 
terials both the neutron flux nv and the 
neutron current I are continuous, as are 
the analogous voltages E and currents i. 

Hence, with the use of neutron flux nv 
as voltage E no transformation of refer¬ 
ence axes need be introduced between two 
different materials and the composition 
of the reactor may vary from point to 
point in an arbitrary manner. 

The Conservation of Neutrons 

In nuclear reactor calculations it is 
necessary to account for all neutrons 
from their instant of birth (by fission) to 
their final expiration by leakage or by 
absorption. That is, for each part of the 
reactor (core or reflector, etc.) or for the 
entire reactor at all instants, the follow¬ 
ing equalities must be satisfied 

^ ^ source = ^ ^ absorption-{- ^ ^ leakage 
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Fig. 6. Two-dimensional reactor with all 
energy groups 


volume integrals, their extension to arbi¬ 
trary reference frames and to arbitrary 
shape and size of blocks are self-evident. 


It is interesting that in an electric cir¬ 
cuit model the conservation of neutrons 
is exactly satisfied at all instants because 
of Kirchhoff’s laws. In Fig. 1 the sum¬ 
mation of impressed currents (source 
neutrons) is exactly equal to the summa¬ 
tions of currents entering the grounded 
conductors (absorbed neutrons) plus the 
summation of currentsentering the bound¬ 
ary short circuits (neutrons leaking out 
of the reactor). 


Steady-State, Monoenergetic Models 

All more general circuit models are 
built up of a series of basic models. The 
basic model itself implies two special as¬ 
sumptions: 

1. The neutron flow is steady. That is 
all time variations are ignored temporarily. 

2. All neutrons have the same energy, or 
rather, occupy the same narrow energy 
band. That is, for each energy group a 
different network is established. 


Orthogonal, Curvilinear Reference 
Frames 


All equivalent circuits in this paper are 
expressed along orthogonal curvilinear 
co-ordinates. Every symbol stands for a 
line integral, surface integral, or volume 
integral of some quantity. 10 ~ 12 In partic¬ 
ular the following tensor densities are in¬ 
troduced where the primed quantities are 
arbitary functions of the variables u 1 u 2 
u ». ’ ’ 


/. n —hh _ /. „ hh 2 


fifth 

hi h hs 

b=hihih 3 b'; c^hikifnc'; d—hihh d' 


( 2 ) 


Also each block (with length Au a ) may 
have arbitrary unequal length along any 
direction. As in all difference representa¬ 
tions of a differential equation, a half- 
block inaccuracy exists along all dimen¬ 
sions considered. 

The values of the variables u a and the 
metrical coefficients h are given in Table I 
for the three most common orthogonal 
reference frames. Since the t ens or den¬ 
sities of equation 2 represent surface and 


The basic model represents some in¬ 
stantaneous spatial distribution of neu¬ 
trons having the same energy. Accord¬ 
ingly the basic model itself may be a 
1-, 2-, or 3-dimensional network, each 
dimension representing a spatial axis, 
such as x,y,z, or r,d,z, etc. The basic 
model also represents the “multigroup” 
theory of the reactor in which the spa tial 
distribution of neutrons belonging to a 
series of energies (or bands of energies) is 
studied, one energy at a time, in descend¬ 
ing order from a higher to a lower energy 
band. That is, as many separate net¬ 
works are established as there are energy 
groups assumed. 

The more general circuits, involving 
variation in energy and in time (to be 
developed later on), consist of a series of 
such basic circuits, each basic circuit rep- 


Table I. Values of u“ and fi 



u‘ 

u* 

u» 

hi 

ha 

b* 

Cartesian.... 

♦ * . 

. .y.. 


. .1.. 

i 

1 

Cylindrical.. 

.. .r*. 

.. 0 . , 


. .1 


x 

Spherical.... 


. . 0 . . 

. it 

1 





resenting a spatial distribution of neutrons 
with different energies and at different 
instants. 

The Basic Model 

The steady motion of monoenergetic 
neutrons in a reactor is analogous to the 
diffusion of heat in a nonhomogeneous 
body, with the additional complication 
that not only sources but also absorption 
of neutrons exist at every point of space. 
Accordingly three sets of constants occur 
in the diffusion equation 

— Div a grad 
—V a 

—Vy d VE-f-y fl E*J (3) 

1. The Laplacian networks of Figs. 
2-4 show the manner of diffusion of neu¬ 
trons throughout the entire reactor. The 
coils are pure resistances, 1/a, represent¬ 
ing the transport cross sections The 
absolute potential E of each junction 
represents the neutron flux <f>=nv. The 
current in each coil represents the neu¬ 
tron-current vector i 

i^yagradE (4) 

Each admittance ya and y a are arbitrary 
functions of the space variables u 1 , u 2 , 
and u 3 . 

2. From each junction point an ad¬ 
mittance b leads to ground, forming paths 
for the absorption currents. (The neu¬ 
trons are captured by both fissionable and 
nonfissionable materials at every point of 
the reactor.) 

3. The currents I impressed at the 
junctions represent the neutron sources. 
In the basic model two such sources may 
exist: 

a. Neutrons produced by fission. (These 
occur only in the core materials.) 
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b. The difference between neutrons slowed 
down from a higher energy band and those 
leaving the present to a lower energy band. 

’ (These sources occur all over the reactor.) 

As many such basic networks have to 
be established as there are energy groups 
assumed between the highest and lowest 
(thermal) energies. 

Example of a Cylindrical Reactor 

Fig. 4 shows the basic electric circuit 
model of a reactor with cylindrical shape. 
Since the upper and lower portions are 
assumed to be symmetrical about a center 
plane, the circuit of Fig. 1 shows only 
one-fourth of the cylinder. The internal 
core is assumed to be also of cylindrical 
shape. The core is shown to be sur¬ 
rounded by a reflet'.»nr. 

The outer or extrapolated boundaries 
(at a small distance outside the bound¬ 
aries) appear in the model short-cir¬ 
cuited to the ground since no neutrons 
are assumed to exist there. The flow of 
neutrons across the axis and across the 
central plane is zero; hence, the circuit 
model is open-circuited at those internal 
points. 

Two sets of impressed currents I exist. 
In particular the fission currents I f are 
impressed in the core and the slowing- 
down currents I s in both core and reflec¬ 
tor. 

The Chain-Reaction Problem 

The problem in each network may be 
formulated as follows. Given the equa¬ 
tion of the network I=YE, where Y and 
I are known; find the vector E. The 
latter may be found either outright by 


some iterative method or by finding first 
the inverse of Y, namely Z. 

The problem is complicated by the 
fact that the impressed fission currents 
(sources) l a are not known. In a chain 
reaction the latter are related to the ab¬ 
sorbed neutrons 1“ captured by fissionable 
material, and the latter in turn are related 
to the unknown E of all energy bands. 
Hence, to maintain a chain reaction, 
several trial I^s must be assumed in the 
highest energy band until the calculated 
E’s of all the energies balance the as¬ 
sumed l f . 

In chain-reaction calculations, when a 
series of trial I /f s must be assumed, the 
availability of the permanent Z matrix 
for each energy group enables the im¬ 
mediate calculation of the vector E by 
ZI. 

More General Equivalent Circuits 

Slowing Down of Neutrons 

In the multigroup theory of the reactor 
as many basic networks are constructed 
as there are energy bands assumed be¬ 
tween the highest and lowest energies. 
No electric connections exist between the 
basic networks. The number of higher 
energy neutrons entering the lower energy 
neutrons leaving each band (or group) 
are estimated for every point of space. 
An approximate method of estimation is 
given further on. 

The partial differential equation repre¬ 
senting also the flow of neutrons between 
the various energy groups is 
bd<l> 

—Div a grad ^+&<M —^ ~ c t 5 ' 


where the product d<f> is the slowing-down 
density q and d itself the slowing-down 
power. The latter is a function of energy 
e (or rather of lethargy, the logarithm of 
energy). Since 

bd<p dd 
oe oe oe 

the differential equation becomes 
—Div a grad <t>-{-b' 4>-\-d — (6) 


where 


b' 



(7) 


The basic networks (1-, 2-, or 3-dimen¬ 
sional) are now tied together at identical 
space points by a set of alternating plus or 
minus resistances 1/d, along which the 
neutron currents between the various 
energy groups flow; see Figs. 6—7. The 
basic networks also assume alternating 
plus or minus resistances and may be 
considered to extend along a fourth dimen¬ 
sion e (lethargy). 


Multigroup Theory 

Equation 6 suggests an approximate 
method of finding the slowing-down cur¬ 
rents I* to be impressed at every junction 
of an electrically isolated basic network 
of Figs. 1-4, used in the multigroup 
theory. 

Let the basic networks of Figs. 1-4 rep¬ 
resent the nth energy group and let it 
be assumed that the neutron flux fa— i 
of the n— 1 (the next highest) energy 
group has already been calculated. 
Then in the exact equation 6 it may be 
assumed as a first approximation that 




tion of a 2-dimensional „ c 

reactor ^ 
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Fig. 1 0. Time variation of a 3-dimensional reactor 


(ignoring for the present the important 
questions of average and point values) 

d<ft n 

r— — — 4>n—l 

oe n 


rent that may exist at the core junctions. 
(The c’s also are assumed to be known.) 
More exact approximations are also 
possible. 


diffusion of neutrons. Assuming mono- 
energetic neutrons, equation 3 is general¬ 
ized to 

C 

— Div a grad $+b<f>+f ——c (11) 

ot 

This equation looks the same as equa¬ 
tion 5 representing the variation (slowing 
down) of neutrons along the energy 
scale. That is, energy (or rather leth¬ 
argy) is now replaced by time. Accord¬ 
ingly, the equivalent circuits of Figs. 8-10 
look the same as Figs. 5-7, except that 
the fourth dimension is now time t in¬ 
stead of lethargy e. 

If the slowing down of neutrons is also 
considered, equation 6 is generalized to 

deb deb 

— Div a grad </>-\-b'<l>+d -— \-f— — c (12) 

oe ol 

The corresponding 5-dimensional circuit 
is shown in Fig. 11. A set of 3-ditnen- 
sional basic circuits are arranged in a 2- 
dimensional array along energy and time. 


where <f> n +i is unknown. Let it be as¬ 
sumed further, again as a first approxima¬ 
tion, that (for the purpose of eliminating 
<£») 

, <f>n+i-h<l>n —i 

4>n - - 

The unknown <f> n +i is then 

0»+l — 20 n —« </>n —x 

(<f>n is average, but <f> n +i and <j> n -i are not 
averages but point values.) Hence, as a 
first approximation, in the nth energy 
group the partial derivative may be re¬ 
placed by 

d^a 

—2$«— 2<f> n —i 

d <f> 

d — “2 d <f>n — 2d <{> n—i 


where <j>n—i is already known and <j> n 
is the dependent variable. 

The exact equation 3 for the nth energy 
group becomes 

Div a grad 

*»2d (8) 

That is, in the basic circuits of Figs. 
1-4 the vertical ground impedances be¬ 
come 


b ' xb +J+ 2d (9) 

and the slowing-down currents impressed 
at every'junction become 

I s =‘2dt /> n —i 

where (f>n—i is known from the previous 
(next higher energy) circuit calculations. 
The quantity c represents the fission cur- 


Time Variation of Neutrons 

Of the many possible time delays enter¬ 
ing into the various processes, only one 
will be considered, namely, the time of 
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Magnetic-Amplifier Circuits with Full 
Wave Output and Half-Wave 
Control Signals 


HAROLD W. LORD 
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T HE advantages of half-wave | mag¬ 
netic-amplifier circuits of the flux reset 
type have been described in several 
papers. 1 - 2 However, when several such 
amplifiers are cascaded and the output is 
used to drive a servomotor, the output 
often is allowed to be a half-wave. 3 This 
sort of output has proved satisfactory for 
either d-c motors or 2-phase a-c motors if 
a small derating of the motor output is 
accepted. 

In some applications it is desirable to 
obtain from the magnetic amplifier an 
a-c output having little or no d-c com¬ 
ponent. In other circuits a complete 
full-wave rectified direct current is desira¬ 
ble and even may be required. 

This paper will show circuits for, and 
wifi, describe the operating principles of, 
several magnetic-amplifier circuits which 
are capable of being controlled by a half¬ 
wave type of signal, yet whose outputs 
are full-wave. The fast speed of response 
and the simplicity of the half-wave flux 
reset type of magnetic amplifier there¬ 
fore may be utilized for the early low- 
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power magnetic-amplifier stages. The 
half-wave signal is then converted to full- 
wave in the power-output stage by inter¬ 
connecting the two inductors of the mag¬ 
netic amplifier with a “slave” circuit simi¬ 
lar to one of the several circuits to be de¬ 
scribed. 

Fundamentals of the Problem 
and Its Solution 

To provide a full-wave output, the out¬ 
put magnetic amplifier must have two or 
more inductors, consisting of magnetic 
cores equipped with a-c coils, which are 
approximately identical both magnetically 
and electrically. Assuming that both 
cores are identical and that the a-c coils 
have equal turns, then a properly con¬ 
trolled single-phase full-wave output will 
be had if the following condition obtains: 
the flux density in the one core at the 
start of the half-cycle during which it 
exercises control must be the same as 
that in the other core at the start of the 
half-cycle during which it in turn exer¬ 
cises control. In the usual flux reset 
type of circuit, the flux level in a given 
core can be set only during the half-cycle 
period in which the rectifier associated 
with its a-c or gate winding is normally 
blocking. A half-wave signal of a phase 
relationship which is suitable for control¬ 
ling one inductor is therefore unsatisfac¬ 
tory for directly controlling the alternate 
inductor. The problem therefore may be 
solved by arranging the circuit so that one 


inductor, which may be called the “mas¬ 
ter” inductor, is controlled directly by the 
half-wave signal. An interconnecting cir¬ 
cuit is then provided which will cause the 
flux in the core of the second, or slave, 
inductor to be reset during its normal reset 
half-cycle by the same amount as that 
set by the signal in the master inductor 
core. Interconnecting circuits which pro¬ 
vide this slave action on the part of the 
second inductor are preferably unilateral, 
since the action of the slave inductor 
should not influence or override the con¬ 
trol exercised upon the master inductor by 
the signal. 

Circuits for A-C Output 

One of the commonly used magnetic- 
amplifier circuits for providing an a-c 
output is the so-called “doubler circuit.” 
Fig. 1 shows the conventional current- 
controlled doubler circuit for comparison 
with the half-wave-controlled type of 
Fig. 2. The latter is essentally the dou¬ 
bler circuit with the control winding omit¬ 
ted on one inductor and the rectifier elim¬ 
inated from the gate-winding circuit of 
this same inductor. In spite of these 
omissions, the half-wave-controlled cir¬ 
cuit of Fig. 2 operates in much the same 
way as the circuit shown in Fig. 1 does, 
over most of the control range. 

In Fig. 2 the 2-winding inductor A and 
rectifier REC\ form a half-wave self- 
saturated type of magnetic-amplifier cir¬ 
cuit. The control circuit, as shown, has 
resistor R a to provide a relatively high 
impedance to the flow of current in the 
control circuit caused by voltages in¬ 
duced in the control coil through trans¬ 
former action from the gate winding. An 
inductor or a combination of elements 
such as rectifiers and alternating and/or 
unidirectional half-wave voltages of 
proper time phase and polarity could be 
substituted for R% and the control source. 
Such control circuits are described in 
references 1 and 2. 

Indufctor B of Fig. 2 is the slave induc- 
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Fig. 1 (left). 
Conven tional 
doubler circuit 


H 


r ga 

•*-RECa 


: r gb 


REC, 


ef 


:Rl 


(a-C) 

tor. Its core should be very similar to 
the core of master inductor A both in 
physical dimensions and in magnetic 
characteristics. However, it need not 
match the magnetic characteristics of the 
core of inductor A as closely as is required 
for current-controlled conventional full- 
wave self-saturated magnetic-amplifier 
circuits. Inductor B is wound with a 
gate winding only. This should be 
wound to the same specifications as the 
gate winding of inductor A . The purpose 
of the circuit consisting of transformer T, 
resistor R lt and rectifier RECi will be ex¬ 
plained later. For the moment, it will 
be assumed that this circuit is removed 
by disconnecting at the dashed lines. 

The general manner in which inductor 
B acts to provide the desired slave action 
is quite simple. Note that its winding 
connects the load resistor R L directly 
across the supply voltage. An inductor 
cannot have a steady-state direct-voltage 
component across it which is greater than 
the resistive drop of a direct current flow- 

(A-C) 


Fig. 3 (right). Idealized wave 
forms for circuit of Fig. 2 

A—Gate voltage ol Inductor A 
B—Gate current of inductor A 
C—Gate voltage of inductor B 
D—Gate current of inductor B 
E—Load current 
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ing through it. This slave inductor 
therefore must pass such currents as are 
required to maintain a voltage across the 
load which is predominantly alternating. 
Any attempts of the controlled inductor 
A and its associated rectifier REC A to 
supply a large direct-voltage component 
to the load during one half-cycle will be 



nearly completely offset by a current 
through inductor B during the next half¬ 
cycle. 

Fig. 3 shows current and voltage wave 
forms which depict the operation of the 
circuit of Fig. 2. These wave shapes are 
derived from idealized rectangular hys¬ 
teresis loops by a method similar to that 
described in reference 4. The shaded por¬ 
tions indicate the wave forms when in¬ 
ductor A is so controlled as to have a 
firing angle of 120 degrees. During the 
prefiring period 0 to 1 when inductor A is 
holding off, the flux in core B is being reset 
by the same amount that was reset in 
core A during the previous half-cycle by 
the control signal. During this period 
the gate winding of inductor. B is for all 
practical purposes connected in parallel 
with the gate winding of inductor A; 
hence the volt-time area will be the same 
for both windings during this period. 
The only differences during this period 
are that the magnetic flux in core A is 
changing from the value of reset flux 
toward saturation and the flux in core B 
is resetting from the residual flux-density 
value toward a reset value. After induc¬ 
tor A fires, the flux in the core of induc- 
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CONTROL SOURCE 



(A-C) 


Fig. 4. Full-wave center-tap magnetic amplifier with slave action provided by induced 

voltage from master inductor 


tor B continues to reset at a much lower 
rate, as shown in Fig. 3(C) between points 
’ 1 and 2. This rate is determined by the 
voltage drop across rectifier REC A and 
the resistance of the gate winding of in¬ 
ductor A. During the next half-cycle, 
from points 2 to 3, inductor B will there¬ 
fore delay firing for a little more than 120 
degrees of this half-cycle. During this 
same time interval the flux in core A can 
be reset by the signal, as shown in A of 
Fig. 2. When inductor B fires at point 3 
the resetting of the flux in core A is ter¬ 
minated, except for that provided by the 
resistance voltage drop across inductor B, 
even though the signal current may con¬ 
tinue to try to reset this flux. 

If the firing angle of inductor A is ad¬ 
vanced or retarded, the firing angle of 
core B will likewise advance or retard. 
However, inductor B is not a perfect 
slave to inductor A. The voltage drop 
across rectifier REC A and resistance 
R 0tA causes some resetting of core B even 
when inductor A fires at 0 degrees, so the 
firing angle of inductor B will not advance 
completely to the 180-degree point. Also, 
when inductor A holds off for a complete 
half-cycle (cutoff), the exciting current of 
two cores is flowing through load Rz dur¬ 
ing the half-cycle that inductor A holds 
off. However, rectifier REC A allows only 
the exciting current of inductor B to flow 
during the half-cycle in which inductor B 
holds off. This requires the firing angle 
of inductor B, when inductor A is at cut¬ 
off, to lag that of inductor A by a little 
less than 180 degrees in order that the 
average direct voltage across the load be 
zero. 

Neither of these errors in slave action is 
large enough to be serious in practical 
circuits. The delay of firing of inductor 
B, when inductor A is firing at zero de¬ 
grees, is small if the forward drop of recti¬ 
fier REC a is low. If desired, improved 
slave action in the cutoff region, and a 
reduction of approximately two to one 
in the load current at cutoff, can be had 
by using the circuit consisting of trans¬ 
former T, resistor R u and rectifier RECi 
shown in Fig. 2. The transformer should 
have an approximate 1-to-l turns-ratio 
between primary and secondary. Re¬ 
sistor Ri should be of such a resistance 
value as to pass an average value of cur¬ 
rent through rectifier RECi which ap¬ 
proximately equals the average current 
through rectifier REC A at cutoff. With 
the a-c polarities indicated by the large 
dots in the diagram of Fig. 2, these two 
rectifiers will be conducting during the 
same half-cycle of supply voltage. Recti¬ 
fier RE Ci therefore will reduce the aver¬ 
age current in the load during the half¬ 


cycle REC A conducts, thereby reducing 
the average current that inductor B must 
pass during the next half-cycle of supply 
voltage. If resistor Ri is made too low, 
the firing of slave inductor B will lag the 
firing of inductor A more than 180 de¬ 
grees even in the region of cutoff. 

Although the slave action of inductor B 
responds instantaneously to inductor A 
except for the required half-cycle of delay 
time, this circuit has speed-of-response 
characteristics similar to those exhibited 
by any a-c output or doubler circuit. 
Inductor A will respond to a properly 
phased control signal in the turn-on sense 
in as short a time as 1/2 cycle. In the 
turn-off direction, however, the firing of 
inductor B exerts a loading effect upon 
the resetting of inductor A. This re¬ 
duces the speed of response to such an ex¬ 
tent that several cycles of power-supply 
frequency may be required to reach cut¬ 
off from the full “on” condition. 

Circuits for Full-Wave D-C Output 

When the output of a self-saturated 
magnetic amplifier is direct current, the 
speed of response is not limited by the 
loading effects inherent in the a-c output 
circuits. It is therefore of interest to 
apply this same slave action to a circuit 
whose output is normally direct current, 
rather than to rectify the a-c output of a 
circuit such as that of Fig. 2. 

Fig. 4 shows a full-wave center-tap self- 
saturated magnetic-amplifier circuit with 
the flux reset type of slave action applied 
to it. In this figure inductor A is con¬ 
trolled by any desired means suitable for 
a half-wave type of circuit, including 
half-wave signals which occur only during 
the reset half-cycle for this core. In 
addition to the customary gate winding 


and control winding, inductor A includes 
a winding labeled “induced slave-control 
winding— N c ,s .” This latter winding 
has the same number of turns as the gate 
winding, but the cross-sectional area of 
conductor needs to be only a few per cent 
of that of the gate winding. Inductor B 
is similar to inductor A minus the control 
windings and may include a current feed¬ 
back winding of some sort, the purpose of 
which will be explained later. Recti¬ 
fiers REC a and REC B are the main power¬ 
handling rectifiers. Rectifiers RECi and 
RECz are units of comparatively low cur¬ 
rent rating, since they are in the control 
circuit.. Their functions, along with 
those of resistors i?i and R 2 , will be ex¬ 
plained later. 

Fig. 5 indicates the voltage and current 
wave forms of certain parts of the circuit 
when inductor A is controlled during its 
reset half-cycle so as to fire at a phase 
angle of approximately 120 degrees. 

Fig. 5(A) shows that during the period 
0 to 1, when inductor A is holding off, 
there will be a voltage induced in winding 
N c ,a whose volt-time area equals that of 
the gate winding during the hold-off 
period. This, in turn, is shown to be 
equal to the volt-time area of the voltage 
induced in these winding during the reset 
half-cycle of this inductor. One end of 
winding N c ,a\s connected directly to one 
end of the gate winding of inductor B, 
and the other end of winding N 0t8 con¬ 
nects through rectifier RECi and resistor 
Ri to the other end of the gate winding of 
inductor B. Rectifier RECi is so polar¬ 
ized as to permit the voltage of winding 
N c ,s during the hold-off period 0 to 1 of 
inductor A, to impress a resetting voltage 
across the gate winding of inductor B. 
With both of the gate windings and wind¬ 
ing N c ,s having equal turns, and neglect- 
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0) Eig. 5 (left). Idealized wave 
forms for circuit of Fig. 2 

^ Gate and induced control 
voltages of inductor A 
B—Gate current of inductor A 
C—Gate voltage of inductor B 
D—Gate current of inductor B 
E—Load current 


mg for the moment the effect of resistance 
drops, the volt-time area of reset supplied 
to inductor B during its reset period just 
equals the hold-off volt-time area of induc¬ 
tor A as shown in Fig. 5(C), points 0 to 1. 
When it becomes inductor B's turn to 
control the current to the load during the 
next half-cycle of supply voltage (recti¬ 
fier REC B conducting), inductor B will 
delay its firing, so as to fire 180 degrees 
after the firing angle of inductor A, thus 
providing the desired slave action. 

Rectifier RECi prevents loading of 
winding N CiS during the reset period of 
inductor A, points 2 to 3, but it will not 
prevent the hold-off voltage of the induc¬ 
tor B gate winding from causing an un¬ 
wanted reset of inductor A. Such a 
kickback” action is successfully pre¬ 
vented by conduction of rectifier REC 2 
during this half-cycle, points 2 to 4. 
This applies an inverse voltage to recti¬ 
fier RECi approximately equal to e B , in 
addition to that from winding N 0lS . 
Then, since voltage e 0)B cannot exceed 
voltage e B , rectifier RECi will not conduct 
during this half-cycle even though the 
voltage of winding N C)S during this period 
is zero. The purpose of resistor R x is to 
limit the current through rectifier RECi 
so that the voltage across rectifier REC 2 
in the conducting direction will be small 
compared with that across resistor R lt 


Although voltage drops during the re¬ 
setting of inductor B were neglected in 
this explanation, their effects cannot be 
ignored. The flow of inductor B reset 
exciting current through the forward re¬ 
sistance of rectifier REC h resistor R u and 
the winding resistances causes a voltage 
drop which reduces the amount that in¬ 
ductor B will be reset by the resetting in¬ 
duced voltage in winding N CtS when in¬ 
ductor A is holding off. The effect of 
this voltage drop is to cause the firing 
angle of inductor B to lag that of inductor 
A by less than 180 degrees. Resistor R 2 
provides a simple means for compensating 
for such effects. If it is of the proper 
value, then a small sinusoidal component 
of current will be fed in to resistor Ri of 
the correct polarity to compensate for the 
resistive voltage drops caused by inductor 
B reset exciting current. A proper value 
for resistor R 2 is indicated when the in¬ 
ductor B firing angle lags that of inductor 
A by 180 degrees as cutoff. 

It is well known to those familiar with 
self-saturated magnetic amplifiers that 
rectifier leakage currents tend to reset t he 
cores of their associated inductors and 
thereby to act as a negative feedback. 
In this circuit their effect is to cause the 
firing angle of inductor B to lag that of 
inductor A by more than 180 degrees. 
Thus, when inductor A reaches maximum 


Fig. 6. Full-wave center-tap magnetic ampli¬ 
fier with slave action controlled by load 
voltage 

output (firing angle of 0 degrees), induc¬ 
tor B will not have reached full output. 
This effect may be corrected by passing 
the load current through a series-con¬ 
nected feedback winding of sufficient turns 
to provide a positive feedback which 
equals the negative feedback caused by 
rectifier leakage. Similar compensation 
may be had by a shunt feedback circuit 
when the application involves a variable 
load impedance. A feedback winding, 
having turns that fall within the range of 
5 to 10 per cent of the turns of the gate 
winding, when connected in series with a 
suitable resistor and this series circuit 
connected across the load, will provide 
satisfactory performance without exces¬ 
sive loading effects because of induced 
voltages in the feedback winding. 

Slave action of the second inductor 
may be had by a somewhat different mode 
of operation, as shown in Fig. 6. An 
auxiliary secondary winding on the power 
transformer T r , identified as “reset volt¬ 
age supply winding— N s " supplies a re¬ 
setting voltage to “slave-control wind¬ 
ing N ClS ” on inductor B during the 
normal reset half-cycle for inductor B. 
With the a-c polarities as indicated by 
large dots, the current required to reset 
inductor B flows in the series circuit com¬ 
posed of the forward or conduction direc¬ 
tion through the small control rectifier 
RECi, the load as represented by R L , 
and the winding N 0 ,a. 

During the prefiring interval of the 
conduction period for REC A , period 0 to 1 
in Fig. 5(A), the voltage across load R L 
is relatively low. A large portion of volt¬ 
age e B will then be impressed across wind¬ 
ing N c ,s to reset inductor B. 

After inductor A fires, period 1 to 2 
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on Fig. 5, the voltage across load R L acts 
to reduce the net voltage across winding 
N c ,s- If the voltage e B is made such 
that, after inductor A fires, the instan¬ 
taneous voltage across load R L always 
exceeds that of e s , an inverse voltage will 
appear across rectifier RECi during the 
period 1 to 2. As a result, no further 
resetting of inductor B will occur for the 
remainder of the half-cycle. 

By a proper choice of the turns of wind¬ 
ing N c%a the flux in core B can be made 
to reset during the period 0 to 1 by an 
amount which will delay the firing angle 
of inductor B so as to lag the firing angle 
of inductor A by 180 degrees. The turns 
of winding N CiS will be approximately 
correct if the turns-ratio of the gate wind¬ 
ing to winding N c ,s is 110 per cent of the 
ratio of e B to e R . It is better to have this 
ratio a little too high than too low. Any 
tedency of inductor B to reset too rapidly 
will cause conduction of rectifier REC a 
during the reset period 0 to 1 in Fig. 5. 
This will cause the current in the reset 
circuit to increase, and the voltage sup¬ 
plied'by winding N R , which is in excess 
of that required to reset inductor B 
properly, will appear as additional voltage 
drops across series-resistive elements of 
the slave control circuit. 

Leakage currents of rectifier REC B will 
impair the operation of this circuit in 
the same way as that described for the 
circuit of Fig. 4. Resistor R\ in the con¬ 
trol circuit of Fig. 6, in conjunction with 
winding N ClS , provides a shunt-type posi¬ 
tive feedback circuit for inductor B for 
opposing the negative feedback effect of 
the leakage current of rectifier REC B . 

Both of the modes of slave operation 
which have been described for the full- 
wave center-tap type of circui'. can be 
used equally well for the full-wave bridge 
type of self-saturated magnetic-amplifier 
circuit. 


this type of slave action. The same 
components, except for transformer TV, 
also were interconnected to form a bridge 
type of circuit. Both circuits performed 
equally well. A circuit similar to that of 
Fig. 6 was set up and satisfactory per¬ 
formance was obtained. 

The inductors designed and built for 
these tests had cores of 0.002 inch Delta- 
max. Standard power-type selenium rec¬ 
tifiers were used in all rectifier positions. 

Fig. 7 shows a transfer characteristic 
obtained during the course of the develop¬ 
ment of these circuits. The control cur¬ 
rent for this test was direct current from 
a source having a high internal resistance. 
Effects of rectifier leakage upon the sig¬ 
nal-controlled inductor are here apparent, 
causing a shearing of the top of the curve 
to the right 5 to such an extent that posi¬ 
tive signal current is required over much 
of the control range. 

Since half-wave control and speed of 
response were the main considerations in 
this development, an electronic control 
circuit was used to provide a rapidly vary¬ 
ing signal to control this magnetic ampli¬ 
fier. This control circuit provided com¬ 
plete half-cycles and/or portions of half¬ 
cycles, but only during the normal reset 
half-cycle of the signal-controlled induc¬ 
tor. It included a means for varying the 
signal rapidly between limits of full “on” 
and cutoff and at accurately timed repeti¬ 
tion rates which were readily synchronized 
with respect to the 60-cycle a-c supply. 
A half-wave positive-bias circuit assured 
full conduction of the master inductor in 
the absence of a resetting signal. 

The results of a speed-of-response test 
of one of the half-wave-controlled full- 
wave d-c output magnetic-amplifier cir¬ 
cuits are shown in Fig. 8. This oscillo¬ 
gram was obtained by a dual-beam cath¬ 
ode-ray oscilloscope with synchronized 
sweeps. The upper trace shows the half¬ 
wave resetting signal applied to signal- 


controlled inductor A. The lower trace 
shows the full-wave output voltage with a 
resistance load. Using the signal voltage 
as a time reference, with the time periods 
as shown by letters, the sequence of opera¬ 
tion may be followed by starting at a. 
From a to 6 no reset signal voltage 
(upper trace) is applied to the control 
winding of inductor A, so it fires (lower 
trace) for a complete half-cycle from b to 
c, and slave inductor B likewise fires for 
the complete half-cycle from c to d. Dur¬ 
ing the reset period c to d for inductor A, 
again no reset signal voltage is applied, 
so both inductors A and B again fire for 
the intervals c to d and e to/respectively. 
But while inductor B is firing during the 
period e to f, a half-cycle of reset signal 
voltage is applied to the control winding 
as shown by the upper trace. Conse¬ 
quently, master inductor A holds off for 
practically the whole half-cycle for period 
f to g (lower trace), and slave inductor B 
duplicates this performance from g to h. 
The upper trace shows that inductor A 
again is reset during period g to h, so 
again both inductors hold off for the com¬ 
plete half-cycles of h to i and i to j (lower 
trace). However, during period i to j, 
the upper trace shows that master induc¬ 
tor A received a resetting control voltage 
for approximately 1/4 cycle, so it is reset 
only partially. As a result, the lower 
trace shows that master inductor A fires 
for the last half of the half-cycle period 
from j to a, and slave inductor B does 
nearly the same during period a, to b. 
This same sequence of events was re¬ 
peated in this test for every 5 cycles of 
supply frequency, corresponding to a rep¬ 
etition rate of 12 per second. 

The preceding explanation of the se¬ 
quence of events shown in Fig. 8 clearly 
demonstrates that, in this full-wave out¬ 
put circuit, the master inductor responds 
to a signal with the half-cycle-per-stage 
time delay characteristic of the flux reset 
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type of magnetic amplifiers. The slav e 
inductor is shown to require only an addi¬ 
tional half-cycle of time delay for com¬ 
pleting its slave action. The oscillogram 
also shows the response time to be the 
same for both increasing and decreasing 
outputs. 
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Synopsis: The operation of magnetic 
amplifiers with sensitive core materials is 
characterized by time intervals in the cycle 
during which the voltage of the a-c power 
source is balanced (or “absorbed") almost 
entirely by the rates of change of core 
fluxes, and by other intervals in which the 
core fluxes are nearly constant and the 
voltage of the power source substantially 
appears applied to the load. 

Transitions from the first to the second 
mode are very abrupt. Thus load currents 
can be evaluated as if the voltage of the 
a-c power source were periodically applied 
at some time or "angle of firing" by the 
firing of a thyratron or by the closing of a 
switch and removed at some later time. 
A very simple solution is obtained if the 
output current upon firing is limited by 
nothing else but resistances. The analysis, 
however, becomes much more elaborate if 
this restriction is removed. 

This paper examines instances of practical 
interest in which the load circuit includes 
resistances, inductances and also d-c 
voltage sources, in conjunction with recti¬ 
fying elements variously inserted. Load 
currents and gate-winding currents are 
evaluated in terms of the angle of firing 
chosen as the independent variable, neglect¬ 
ing prefiring currents in this approach. (A 
companion paper aims at the evaluation of 
the signal which is needed correspondingly 
to obtain wanted angles of firing in some 
common types of high-gain amplifiers.*) 

1. Half-Wave Amplifier Circuits 

Fig. 1(A) represents the gate winding 
of a half-wave magnetic amplifier with a 
load circuit containing in series a resist¬ 
ance R l , and inductance L h and a d-c 
voltage source E L . (A circuit of this 
sort approximates, e.g., the armature 
circuit of a separately excited d-c motor 


at constant speed.) R g is the resistance 
of the amplifier gate winding and gate 
rectifier and L g is its saturated inductance. 
Thus the total resistance and inductance 
seen by the a-c voltage source v g = 
v tm sin cat upon firing are R=R L +R g and 
L=L t -\-L g . (If the rectifier has appre¬ 
ciable incremental resistance and thresh¬ 
old voltage in the forward direction, 
these effects can be accounted for by 
increasing R g and modifying E L .) 

With k-E L /V m , where —1<£<1, 
the differential equation of the circuit in 
the saturated mode is simply 

lff»j(sin <at~—It)^Rth~\-L~~ 

Thus for firing at «/= a, under the as¬ 
sumption of negligible prefiring magne¬ 
tizing current 

. V g m ( , 

^“•“^-{[cos 0 sin (at—6)—k] — 

[cos 0 sin (a— 6 )—cotffj ^ 2 ) 
where 
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This expression is valid over the “satu¬ 
ration" interval initiated at a and ter¬ 
minated at the “extinction angle” j8. At 
i L becomes zero. (The gate recti¬ 
fier exdudes the possibility of negative 
values for i L .) Therefore the angle j8 
is defined by the transcendental equation 

0 = [cos 0 sin (/3—0)—jfe] — 

[cos e sin (a—B)—cot e ^ 

The cyclic average of output current is 
found as 



COS fi ) — k(fi — a)] (4) 

where the additional subscript r is intro¬ 
duced to remind that contributions of 
prefiring currents have been neglected. 

The form of equation 4 appears well 
justified on the basis of volt-time area 
concepts. During the saturation interval 
the magnetic core does not absorb any 
voltage, and the voltage of the a-c power 
supply is absorbed partly by the battery 
E l and partly by the passive elements R 
and L. But the cyclic volt-radian area 
absorbed by L is zero (as i L =0 at cat—a 
and again at cat=p). Hence the volt- 
radian area 2tRI L8 absorbed by R results 
simply as the volt-radian area V m (cos a— 
cos 0) of the power source minus the volt- 
radian area E L (p~ a ) absorbed by the 
battery. 

An explicit solution for is not possible, 
although 0 can be evaluated from equa¬ 
tion 3, e.g., by tedious cut-and-try meth¬ 
ods. Even if a large number of system¬ 
atic calculations are earned out, the 
results collected in graphical form imply 
the presentation of families of families 
of curves, which make interpolations not 
very easy. (0 depends on three arbitrary 
parameters, namely 6, k, and a.) 

Curves of this kind have been presented 
in the literature 2 " 4 for certain ranges of 
the parameters. Nomographic proce¬ 
dures appear most helpful here, both in 
reducing the number of calculations and 
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Fig. 2. The half-wave amplifier 
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in presenting comprehensive results in a 
unified form, which should allow for in¬ 
terpolations and should indicate clearly 
how changes of the various parameters 
affect the solution. 

A nomogram of this kind,® derived in 
the Appendix, is presented in Fig. 1(B). 
Given a on the proper 0-curve, the angle 
ft obtained on the same curve by inter¬ 
ception with a straight line joining the 
given a-point with the assigned &-point 
on the k-oxis. Two examples are shown 
in dotted lines for 0=60 degrees and 
and k= —0.3; corresponding 
wave forms of load currents are seen in 
the oscillograms of Fig. 1(C) and (D) 
(The meaning of the *- and y-axes shown 
is discussed in the Appendix with addi¬ 
tional comments. No use is made of 
these axes in the evaluation of 0.) 

With the polarities and sign conven¬ 
tions chosen in Fig. l( A ), k is positive 
when E l opposes the flow of positive cur¬ 
rent. Situations may occur in which E L 
has opposite polarity, i. e ., aiding the flow 
of current. The solution given by the 
nomogram and by equation 4 remains 
quite general, with the consideration that 
-E* and thus k are negative numbers in 
such cases. Instantaneous values of i T 
are shown in Fig. 1(D) for situations of 
this kind. 

With k sufficiently negative and L We 
enough, it is possible that no extinction 
occurs. The amplifier core then remains 
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saturated throughout the cycle, as no 
time is available for flux resetting. This 
possibility is recognized from the nomo¬ 
gram, as the straight line through k and 
a on the 0-curve will not yield any 0 
intercept. In fact, the concept of firing 
loses meaning in such cases. 

It may be noted that “prefiring” core- 
magnetizing currents have been neglected 
completely in the solution. This has 
been found expedient to simplify the 


integration of equation 1. Corrections 
can be introducted evaluating the contri¬ 
bution I LP given by these currents to the 
total load current Il-Ils+Ilp whenever 
the prefiring currents are significant; e.g., 
the intervals in which the flux is swinging 
from or toward saturation are easilv re¬ 
cognized in any type of operation, thus 
also the instantaneous magnetomotive 
force of the core is obtained from its dy¬ 
namic loop. The contributions given by 
the gate-winding current to this total 
magnetomotive force depend on the 
type of circuitry used for resetting (i.e., 
for controlling <x) and are readily eval¬ 
uated in any specific situation. In view of 
the large variety of means by which the 
firing of half-wave amplifiers is controlled 
in modern practice, it appears unwise to 
enter into details. 

2 . Half-Wave Amplifiers with Load 

Discharging Paths 

In Fig. 2(A) the load is shunted by a 
"discharging” or “freewheeling” rectifier. 
Since u—ig+ia and i a cannot be nega¬ 
tive, it follows that the load current if 
cannot be less than the winding current 
ig, though at times it may well become 
larger. Depending on the parameters of 
the circuit various possibilities arise in the 
operation: 

Case A Flow of Current Through 
Load Discontinuous, Fig. 2(B) 

When i L decays to zero between suc¬ 
cessive firings, the flow of load current is 


& = »CoseSiN0-Cos0SiMC«-©)f-coT*<^) 
b - 1 - f“ COT ^*0 



90 120 

*. DEGREES 


Fig. 3. Quantities a and b of equation 9 
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called discontinuous. Since at ait— a the 
load current is zero, equation 2 describes 
the initial transient upon firing. The dis¬ 
charging rectifier does not yet conduct 
and the load current equals the winding 
current. This is a first“fordng” part of 
the transient. (A prime superscript will 
be used for currents during this interval.) 

However, at some angle y the load volt¬ 
age v L =R L i L '-\-L^f--\-E L becomes zero 
dt 

trying to reverse; the discharging recti¬ 
fier becomes conducting, short-circuiting 
the load, and a new “relaxation” interval 
begins. The angle y is obtained by solv¬ 
ing the transcendental equation 

V gm sin ( 5 ) 

(In most practical cases y—ir, that is, 
relaxation begins when the a-c supply 
voltage is about zero.) 

In the relaxation interval (for which 
double-prime superscripts will be used) 
the load current i L " is defined by the dif¬ 
ferential equation 

L/,-- L ~ -+JSi (6) 

d{t—y/u) 

with the condition (fifmt » 7 = )(«z/) w< = y, 
while 


Vjwn sin Olt — Rgig ,, ~^-Lg 


d(t—y/u>) 


describes the rapidly decaying gate wind¬ 
ing current, which by-passes the load 
through the now available discharging 
rectifier path. Its further reversal is pre¬ 
vented by the gate rectifier. 

Integration of equation 6 yields 



El 

Rl 


( 8 ) 


At some angle ait=8, i L " becomes zero, 
and relaxation terminates. 

The approximation y==t allows ready 
calculation of i Ly ' and 8, namely 

Vgm. 

ihy^—iLrr' = ~zr [cos 6 sin 6 —cos 0 sin (a— 
R 

0) € -(ir-a) cot 0_£(i_ € -(ir-a) cot 0)] 

=^(a-kb) ( 9 ) 


where a and b are both functions of 8 and 
«, plotted for the sake of convenience in 
the family of curves of Fig. 3, and 



The cyclic average current is obtained as 
the sum 


halts'+hs tt (ID 

where 



f l C* gram of Fig. 1(B) whenever this yields 

* L8 **2*Jot * L ^ ut ~ [^ OT ( cos a ~ cos 1r )““ ^<ir. Then equations 2 and 4 apply 

E L (w-ct)-a,Li Lir ']/2TrR (12) throughout. 


hs" ihduA — — 

E L {h-nc)]/2icR (13) 

These expressions indicate that the 
volt-radian area of the a-c source, not 
absorbed by the core during the forcing 
interval from a to v, equals the volt- 
radian area 2irRI LS r plus the volt-radian 
area E L (v— a) absorbed by the battery, 
plus volt-radian area coLi Lir f absorbed by 
the circuit inductances. In the second 
part of the transient the volt-radian area 
<oL L i lw ’.dt the load inductance is con¬ 
verted into the volt-radian area 
2vRlIis" plus the volt-radian area 
E(8 — 7r) further absorbed by the battery 
over the interval t to 5. 

If the resistance and saturated induct¬ 
ance of the gate winding are neglected 
equation 11 simplifies into 

JiS ~i^ l(1+C0S ( 14 ) 

It may be noted that for certain angles 
of firing, relaxation may not take place at 
all during the cycle if E L is positive and 
sufficiently large. The occurence of this 
subcase may be recognized from the nomo- 


Case B— Flow of Current Through 

Load Continuous, Fig. 2(C) 

In many instances (e.g., zero or nega¬ 
tive values of E L or large inductances, 
or early firing in the cycle) equation 10 
of the preceding analysis yields 8>ol-\-2tc, 
that is, a new firing would seem to oc¬ 
cur before the load current of the pre¬ 
ceding relaxation interval has died out, 
in contradiction to the initial condition 
of zero load current used in the integra¬ 
tion of equation 1. In this case the dif¬ 
ferential equation 1 describes the 
forcing part of the transient but the 
solution is modified by the existence of 
an initial current ita> 0. 

To obtain workable results it appears 
expedient to neglect the resistance R a 
and the saturated inductance L 0 of the 
amplifier winding. As a first consequence 
of this approximation i g reaches immedi¬ 
ately the value i La ' upon core saturation. 
Thus equation 2 modifies into the follow¬ 
ing 

%i! — r~ {[cos 6 sin (ait—8)—k] — 

Rl 

[cos 6 sin («-*)-*]«-("<-“) cot0j + 

4«V ( "‘ -0!)cote (15) 
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Equation 15 is valid from a until ir. 
At wt— t the discharging rectifier becomes 
conducting and equation 8 (with y — r) 
describes the relaxation interval, which 
lasts until ut= a-j-2ir. 

The steady-state condition ina+iv)" = 
fa( a )' offers the key for the complete 
evaluation of instantaneous load currents 
in terms of load parameters and angle of 
firing. In fact, having neglected R g and 

Lg 


*L 


tt 



[«i— (a+2*)] cot 6 

Rl 


(16) 


where 


*La 


Rl 


X 


( cos 0 sin 9 € (“ +7r ) cot tf _ 

cos 0 sin(a— 9)e~ 2r 004 6 

J e —2 jt cot 8 


) 


(17) 


Equations 15 and 16 yield the instan¬ 
taneous current in forcing and r elax at io n 
intervals in terms of i^J given by equa¬ 
tion 17. The cyclic average of load cur¬ 
rent is 


i .r* x f a+ ** 
lL °~*rJ. ***+2 -J w Vd * 

“V+ii'-^^Kl+cos a)—2 tJS] (18) 


back amplifiers). No need is felt here to 
neglect amplifier resistances and saturated 
inductances, that is, R and L result again 
from the combination of the load com¬ 
ponents R l and L l in series with the 
properly evaluated resistance and satu¬ 
rated inductance Rg and L a of whichever 
amplifier circuit delivers the output cur¬ 
rent. For the sake of generality, a d-c 
voltage source E h can be included in the 
load, if this source is contained within a 
rectifier bridge of its own to oppose con¬ 
stantly the flow of load current in alternat¬ 
ing half-cycles, as illustrated in Fig. 
4(A). . 

The instantaneous output current^= i L 
is expressed by equation 2. The angle of 
extinction /3 is found from the nomogram 
of Fig. 1(B) (with k^O for the type of 
load shown in Fig. 4(A)). Thus the wave 
form of load current, Fig. 4(B), is de¬ 
scribed and its half-cyclic average, as well 
as its rms value and also the power output 
can be evaluated. In fact, the half-cyclic 
average is simply 





[(cos a—cos 0)— 


*03-a)] (19) 
Since firing occurs at a and then again 
at a+T it is evident that a cannot be 
advanced in the half-cycle below a value 


a* for which 5 = a*+ nr. In this limiting 
condition (which can be easily deter¬ 
mined for given k and 6 on the nomo¬ 
gram by pivoting a straight edge about k) 
the amplifier does not absorb the a-c 
supply voltage at any time. The half- 
cyclic load current is ma xi mum and is 

Vgm 

Iloulx**——{2 cos a*—kr) (20) 

ttJx. * 

If & = 0 equation 3 yields a*—6 and 


*■ Vl?*+w 2 £* 

On the other hand, the analysis of sec¬ 
tion 1 can be extended to some2-core situa¬ 
tions in which it may be said that a nega¬ 
tive k appears in the output circuit. This 
occurs in simple saturable reactors (e.g., 
with series-connected gate windings, as 
obtained from Fig. 8(A) under elimination 
of the feedback windings) as the control 
voltage E c as well as the total control cir¬ 
cuit resistance R c and inductance L c ap¬ 
pear reflected into the gate circuit by the 
current transformer action of the core, 
which is unsaturated. With the initial 
sign conventions, k here is negative as E c 
is reflected with polarity aiding the flow 
of current in either saturation interval in 
the cycle, namely, j8 is found from the 
nomogram of Fig. 1(B) with 


This expression is obviously obtainable 
simply from volt-time area considera¬ 
tions. Equation 18 together with the 
recognition that the core is saturated 
only from a to v, supplies sufficient in¬ 
formation for relating cyclic average out¬ 
put to control in most common half- 
wave amplifier circuits. On the other 
hand, equations 15 to 17 are needed if the 
wave form of load current is of interest. 

3. Two-Core Amplifiers with A-C 
Output 

The analysis of section 1 is extended 
readily to resistive-inductive loads sup¬ 
plied directly by 2-core amplifiers with 
a-c output (e.g., doubler or external feed- 



V m N c 

R and L are the resistances and induct¬ 
ances of the output circuit modified by 
addition of the reflected resistances and 
inductances of the control circuit. More 
precisely, R a is then the resistance of 
both gate windings plus R c N e 2 /N c 2 ; L a 
is four times the saturated inductance of 
one gate winding plus conceivable addi¬ 
tional inductances of the control circuit 
multiplied times N g */N e 2 . Thus the 
wave forms of currents, as obtained by 
others, 6 are defined completely, Fig. 4(C) 
and the influence of the various param¬ 
eters of gate and control is evidenced. 
In particular, equations 19 and 20 still 
apply. 
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Fig. 6. Quantity c of equation 23 


Moderate extensions of this treatment 
can be made if feedback turns are added 
to the saturable reactor, as shown in 
Fig. 8(A), under consideration that the 
transformer ratio applied in the reflec¬ 
tion of control circuit quantities becomes 
(Ng—N/)/N c . Phenomena of commuta¬ 
tion within the feedback loop limit this 
extension to cases of comparatively low 
control circuit impedances. 

In Figs. 4(B) and (C) the load current 
reaches its peak value at f. Knowledge 
of this angle is of interest in some situa¬ 
tions; as shown in the companion paper, 1 
this is the case, for instance, in the 
evaluation of control current require¬ 
ments for certain types of 2-core ampli¬ 
fiers. Graphical means for a quick de¬ 
termination of f are given in the Appen¬ 
dix. 

4. Two-Core Amplifiers with A-C 
Output and Externally Rectified 
Load 

Unidirectional load currents are ob¬ 
tained from magnetic amplifiers with a-c 
output by enclosing the whole load (re¬ 
sistive-inductive, with d-c voltage source) 
within a rectifier bridge, Fig. 5(A). In 
this case the instantaneous load current 
cannot be less than the absolute value of 
the amplifier output current, though at 
times it may well become larger, as dis¬ 
charging paths are offered by the four 
arms of the bridge in simultaneous con¬ 
duction. The analyses in section 2 are 
modified here under the recognition that 


firing occurs at a and then again at 

The analysis of case A, of discontinuous 
flow applies as long as equation 10 yields 
load current extinction at 5 < a+ x. The 
instantaneous currents if and if during 
forcing and relaxation are still expressed 
by equations 2 and 8, and shown in 
Fig. 5(B). Also, the current i Lw ' at the 
instant of transition from forcing to 
relaxation is given by equation 9. 

But, as two firings take place now in one 
cycle of the power supply, the average 
load I L is evaluated now as 
where If and If are twice the values 
given by equations 12 and 13. If re¬ 
sistances R a and inductances L a of gate 
windings (accounting also for reflected 
quantities from other coupled amplifier 
circuits) are negligible 

Ils~~tK 1+ cos«)-*(«-a)l (21) 

tKl 

On the other hand, if equation 10 
yields 5>a-f-r the analysis of case B of 
continuous flow applies, with the expe¬ 
dient approximation Ra—L a — 0. The 
matching condition of equal load cur¬ 
rents at two successive firings is stated 
here as i L (c**f ^iif • 

Thus the instantaneous load currents 
during forcing and relaxation, as shown 
in Fig. 5(C) are 

[cos 0 sin (w t—0)—k\ — 

Rl 

[cos 6 sin (a -$) - k] e~ “■“> «*' 9 } + 

i La 'e~ ioU ~ a) cot 0 (15) 



where 


■ , 

®Za — „ X 
Rl 


cos 6 sin 0 € “« cot ^_ 

_ cos flsin(«—fl)6~ T cotB 

^_ € ~ » cot 6 


-£=**-*> (23) 
Rl 

The contributions given by the forcing 
and relaxation intervals to the average 
load current I L are 


1 r 

* 


— F ffm (l+cos a )—X 

__ (e aC0te -l)-E L (*—c*) 

ttRl 

( 24 ) 


1 f“ + \ 

Ils" / ijfdut 


(e“Cot«_ 1 )_ jBia 


and thus 


Ils-Ils+Ils" “Hr KH" 
ttKl 


COS a)—kir\ ( 26 ) 


where £ is a negative number if E h aids 
the flow of load current. 

Equation 26 is very simple and is ob¬ 
tainable directly from volt-time area 
considerations. However, in many 2- 
core amplifiers, the evaluation of the 
signal current needed for a wanted 
depends on the knowledge of gate-wind¬ 
ing currents during saturation intervals. 
These saturation intervals coincide with 
the forcing intervals, during which if —ig. 
This implies that there is need here for 
calculations of ijf, as given by equation 
23. For the sake of convenience, a 
family of curves expressing c in terms of 
6 and a is presented in Fig. 6. 

In fact, for the evaluation of signal cur¬ 
rents it may be of interest in some cases 
to know the value iif of load current at 
the transition from forcing to relaxation. 
In this situation of continuous flow for 
the 2-core amplifier, it is found 


ijf “ Fgwt X 
Rl 

/ cosflsing-cosflsin(<*—fl)6~ (T ~ a) cot9 
\ 1 — g—* cot 6 

(27) 
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a 


Fig. 7. Quantity d of equation 27 


A family of curves expressing d in terms results of section 4 apply without modifi¬ 
ed and a is presented in Fig. 7. cations. The same analysis applies also 

if the load is in the output circuit of a 
5. Two-Core Amplifiers with D-C bridge-type amplifier where a relaxation 

Output and Load-Discharging path short-circuiting the load is offered 

Provisions by the two lower rectifiers in series, Fig. 

8(D). 

Situations of this sort occur if the load 

is supplied by the output of a center- 6. Two-Core Amplifiers with D-C 
tap amplifier, Fig. 8(C), or also is inserted Output Without Load-Discharging 
directly m series with the N f coils of ex- Provisions 
ternal feedback amplifiers, Fig. 8(A). In 

either case, for proper operation, a dis- If the load discharging rectifier is re¬ 
charging rectifier is connected directly moved in the center-tap amplifier of 

across the load to offer a relaxation Fig. 8(C), the load current finds relaxa- 

path, while unidirectional current is sup- tion paths through both gate coils N„. 

plied from the power source to the load As relaxation initiates, upon reversal of 

during forcing only. All analyses and the a-c supply voltage, this voltage is 


balanced by the rate of change of. both 
core fluxes, while comparatively large 
currents are induced in the control cir¬ 
cuit by transformer action to cancel the 
magnetomotive forces of the relaxation 
currents. 

A similar situation occurs in the exter¬ 
nal feedback of Fig. 8(A) if the load is 
inserted in the feedback loop without 
providing a load-discharging rectifier 
directly across the load. The relaxation 
current then finds a path within the loop 
formed by the Nf coils on both cores 
through the four rectifiers of the bridge 
in simultaneous conduction, and com¬ 
paratively large currents again are in¬ 
duced in the control circuit. 

The implications of these undesirable 
types of relaxation in terms of amplifier 
control are examined in section 8 of the 
companion paper. 1 But the considera¬ 
tions given in section 4 of the present 
paper still apply to the determination of 
the load current for any assumed angle 
of firing a, at least as long as the resist¬ 
ances of these relaxation paths and re¬ 
flected circuits do not affect remarkably 
the relaxation decay. 

Conclusions 

An analysis of load circuit behavior 
upon firing is presented for certain types 
of loads which are of interest in mag¬ 
netic amplifier applications. This is sub¬ 
stantially a treatment of certain linear 
networks which contain rectifying ele¬ 
ments and voltage sources and which are 
submitted to recurrent switching tran¬ 
sients. Nomograms and charts are given 
which eliminate the need for numerical 
cut-and-try solutions of transcendental 
equations appearing in problems of this 
kind. 

For nonrectified loads a quick deter¬ 
mination of the angle of extinction 0 



A—External feedback. B—Doubler. C—Center-tap. D—Bridge 
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is made possible in terms of the constants 
of the circuit and of the angle of firing 
a taken as the independent variable. 
Kdowledge of the angle of extinction is 
indispensable for the evaluation of the 
output current and for the determination 
of the saturation interval. (This, in 
turn, is essential for the further deter¬ 
mination of the corresponding amplifier 
signal requirements.) 

For rectified loads means are given to 
evaluate instantaneous or average load 
currents separately during forcing and 
relaxation intervals. (This is essential 
also for the further determination of the 
corresponding signal.) 

The further question of the evaluation 
of the signal required for any wanted 
angle of firing is treated in the com¬ 
panion paper for the same types of loads, 
with particular reference to certain kinds 
of 2-core amplifiers with sensitive core 
materials. 



Appendix I. Derivation of 
Nomogram of Fig. 1(B) 

Equation 3 is rewritten 

[cos 0 sin (a—6)—k] e“ cot 9 

= [cos 6 sin (0—0)—£] £ cot 9 (28) 


where O<0 <t/ 2, 0<a<7r, 

-1<£<1, a<0 

Or 


F(afi,k) = F(/3 0k) = Z 

(29) 

and 


F(«0 1 jfe)-Z = O 

(30) 

F(0,0^)—Z = 0 

(31) 


x—0, y — Z are plotted. Thus a straight 
line through the point a on the &-curve 
and through k on the ife-axis locates on the 
Z-axis the value of Z, satisfying equation 30. 
In view of the identity of equations 30 and 
31 the same straight line intersects the 
0-curve at point 0 which satisfies equation 
31 for the same 0, k and Z. That is, given 
a, 0, and k, the corresponding angle of 
extinction 0, defined by equation 28, is 
found by alignment, drawing a straight 
line through point a on the proper 0- 


Equation 30 can be rewritten as the form 

1 0 Z 

0 1 k =0 

1 cot 9 e“ cot ®cos 0 sin ( a —0) 

or, after manipulation 

0 Z 

1 k 

e“ cot 9 e“ cot 0 COS 0 sin (a 
j_|_ fi acot0 i cot 9 

In a system of orthogonal x, y co-ordinates 
a family of curves for constant 0’s is plotted 
with 

€ a cot 8 

X ~ l-\-e a cot 9 


1 | 



(32) 


and 


t a cot 9 [cos 0 sin («—0)] 
y~ l_j_ 6 acotfl 

One such curve is shown in Fig. 9, 
Moreover, a line 35 = 1, y—k and a line 


Fig. 10. Quan¬ 
tity P of equa¬ 
tion 33 


curve, and the point k on the fe-axis. 
0 is determined by the intersection of this 
line with the same 0-curve, so that the 
Z-axis is not needed for this determina¬ 
tion. Thus no Z-axis is shown in Fig. 
1(B), for the purpose of better utilization 
of the over-all dimensions available for 
this graph. 

It may not be noted that no 0 inter¬ 
section may be found for certain sets of a, 
0, and negative k values. This is the case 
when no extinction occurs in the cycle; 
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that is, the reactor is saturated throughout. 

On the other hand, more than one 0 
intersection may be given on the 5 -curve 
by the straight line; the proper solution 
is given then by the lowest of the 0 values 
located. 

The determination of 0 on the nomogram 
presented is awkward for 5<30 degrees. 
It would be possible to expand somewhat 
this region of the nomogram by projective 
geometry transformations, but this would 
result in lack of clarity in- other more 
important regions. In fact, as 9 approaches 
zero, the current i L assumes the form 

Vgtn 

*£ " ~r- [cos 9 sin (at— 5)— k] 
and 

/3=sin -1 ( —— ) -f -0 
\cos 9/ 


Appendix II. Evaluation of the 
Angle f of Peak Output Current 

As mentioned in the paper, practical 
need is felt in some instances for a determi¬ 
nation of the angle f at which the amplifier 
output current reaches its peak. This 
determination is accomplished by the 
following means: 

Cask I—Two-Core Amplifiers With 
A-C Output or With Rectified Output 
in Discontinuous Flow (Sections 3 
through 6)’ 

In either situation the instantaneous 
load current initiating at a rises toward 
its crest as per equation 2. By maximizing 
tL in this equation, the following relation 
results 

sin 9 cos (t-O)J cot *= _ [cos 9 sin («- 

5)— cot 0 (33) 
To solve this transcendental equation for f 
—P =sin 9 cos(f— cot 6 

is defined. A family of curves expressing 
f f° r various values of P and 9 is presented 
in Fig. 10.. On the other hand, from 
equation 28 it is seen that P coincides in 
this case with the quantity Z already de¬ 
fined in equation 29. Now, Z is obtained 
graphically for given values of a, 9, and 
k, as shown in Fig. 9. Thus, use of the 
nomogram of Fig. 1(B), extended in size to 


include the Z-axis in conjunction with the 
curves of Fig. 10, enables determination of 
f for any set of a, 9, and k. 

Case II— Two-Core Amplifiers With 
Rectified Output in Continuous Flow 
(Sections 4, 5, and 6) 

Upon firing, the instantaneous load 
current rises from its initial value iLa' 
towards its crest, as per equation 15, where 
iLa is given by equation 23. The current 
iL' reaches its maximum at the angle f 
defined by 

sin 9 cos(£— 9)J cot 0 = 

cos 9 sin 9 —cos 9 sin(a— 9)t a cot 6 

1 _ g —t cot 9 ’ (34) 

The quantity P= —sin 9 cos(£— 5 )«f cot B 
in this case cannot be obtained simply 
from the nomogram. Thus curves are 
presented in Fig. 11 expressing the right- 
hand side of equation 34 in terms of a and 
9. For any set of a and 9, P is evaluated 
from these curves. Use of this value of P 


in conjunction with the curves of Fig. 10 
yields f. 
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The Operation of Magnetic Amplifiers 
with Various Types of Loads 

Part II—Controlling the Angle of Firing. The Transfer 
Characteristics of Amplifiers with Low-Control 

Impedance 

L.A.FINZI R.R. JACKSON 

MEMBER AIEE ASSOCIATE MEMBER AIEE 


T HE companion paper (part I) 1 has 
suppliedexpressionsforoutputcurrents 
and for currents in the load in terms of the 
angle of firing a taken as the independent 
variable. The treatment has been de- 
vdoped with reference to practical situa¬ 
tions of magnetic amplifier circuitry, but 
substantially no need was felt for a close 
understanding of the phenomena taking 
place in the amplifier proper. 

To obtain transfer characteristics re¬ 
lating load currents to amplifier signal a 
further step must be taken; namely, the 
signal required to set a wanted angle of 
firing must be determined. The question 
is under discussion in the art as to whether 
the output of a magnetic amplifier is 
controlled truly by magnetomotive forces 
(mmf) or by voltages or, conceivably, by 
some other variable. It may be said 
that this is a matter of personal taste, 
as any complete analysis of these elec¬ 
trically and magnetically interlinked sys¬ 
tems requires consideration of both Fara¬ 
day’s law and Ampere’s circuital law. 
But certainly for certain types of ampli¬ 
fiers 2 the analysis is attacked profitably 
in terms of voltage equations only; no 
need is fdt (up to a certain point) to 
consider the mmf equations of the cores; 
hence control voltages (or volt-time areas) 
are taken as the primary factor governing 
the angle of firing and thus the output. 
As the analysis in part I supplies informa¬ 
tion concerning the angle at which a core 
ceases to be saturated, the evaluation of 
the signal voltage required for any wanted 
reset is almost immediate in amplifier 
circuits of this kind. 

On the other hand, the operation of 2- 
core amplifiers of the kind shown in 
Fig. 8, part I, is defined best in terms of 
the mmf of average control current, which 
is taken as the controlling signal. In the 
following the question of signal require¬ 
ments for wanted angles of firing is inves¬ 
tigated for conventional amplifiers of 
this second kind, in situations of low 
control circuit impedance. 


As attention is focused on the mmf 
equations of the cores, proper knowledge 
of the physical relations between core 
fluxes and mmf in static, as well as in 
dynamic, conditions is needed through¬ 
out. More or less accurate approxima¬ 
tions are demanded for this, depending on 
the order of magnitude of the ampere- 
turn gain of the device. 

1. The Transfer Characteristic of 
the Simple Saturable Reactor 

The saturable reactor is an elementary 
device obtained from the amplifier circuit 
of Fig. 8 of part I by elimination of the 
feedback turns N/ and associated bridge. 
In this case it is acceptable practically to 
approximate the core magnetization curve 
by a vertical segment through the origin 
and two horizontal straight lines. As 
long as a core flux (j> is swinging between 
positive and negative saturation 
its mmf IH is very small and is assumed 
to be zero; mmf’s other than zero yield 
positive or negative saturation. 

With the symbols and sign conven¬ 
tions shown in Fig. 8 of part I the mmf’s 
of the two cores are 

IHi => N c i e +Ngi 0 ( 1 ) 

lHu = N c ic-N g i g ( 2 ) 

During prefiring intervals, the voltage 
of the a-c power supply is balanced by 
the rates of change of both core fluxes; 
IHi — IHu — 0, and thus i c —i g =0. When¬ 
ever one of the cores reaches saturation, 
firing occurs; the other core, unsaturated, 
acts as a current transformer while the 
voltage of the a-c power supply is bal¬ 
anced by the load, in series with the re¬ 
sistances, inductances, and voltage sources 
of the control circuit reflected through the 
coupling provided by the unsaturated 
core. Hence at any time in the cycle 
N c i c =iV ff |%|. (Readers not familiar with 
this matter may gather quick orientation 
from reference 3.) 

This “d-c transformer’’law relating con¬ 


trol currents to gate-winding currents is 
valid, regardless of the tye of load, of the 
impedance of the control circuit and of 
whatever residual inductance may be 
found in windings of a core beyond its 
sharply defined saturation flux level. 
Transfer characteristics relating half- 
cyclic averages of amplifier output mmf 
Ngl g to averages of control mmf N C I C are 
represented by portions of straight lines 
at 45 degrees through the origin, up to 
breaking points, which correspond to the 
driving of the amplifier into conditions 
in which both cores become saturated 
simultaneously at some time in the 
cycle. Hence, for the loads considered 
in section 3, part I, the half-cyclic aver¬ 
ages of load current, Il—Iq and of control 
current I e are related linearly by I L — 
I e N c /Ng over the region a<j3<a+ir. 

For the rectified loads considered in 
section 4, part I, control and gate-wind¬ 
ing currents are still related by this law, 
but the load current coincides with the 
gate-winding current only during forcing 
intervals. As rdaxation initiates, i 0 
drops quickly to zero, while the load cur¬ 
rent i L keeps flowing through relaxation 
paths. That is I c N e /Ng—Ia—I L s\ but 
the total half-cyclic load current Ils— 
Ils'+Ils" where I LS " is the contribu¬ 
tion from the relaxation interval. To 
calculate load currents for given a it 
must be known whether the flow of cur¬ 
rent is discontinuous or continuous, as 
discussed in sections 2 and 4 of Part I; 
namely, discontinuous flow is assumed to 
start with, and 8 evaluated from equations 
9 and 10 of part I. If 5<a+v this as¬ 
sumption was correct and I LS ' and I LS n 
are twice the values given by equations 
12 and 13 of part I. If 5 is greater than 
a+ir the assumption of discontinuous 
flow was incorrect; then I LS ' and I LS " 
are given by equations 24 and 25 of part I. 
(It should be noted that the eventuality 
of discontinuous flow does not arise if E L 
is zero or negative.) 

The transfer characteristic, relating 
load currents to signal, is obtained by 


Paper 54-238, recommended by the AIEE Magnetic 
Amplifiers Committee and approved by the AIEE 
Committee on Technical Operations for presenta¬ 
tion at the AIEE Summer and Pacific General 
Meeting, Los Angeles, Calif., June 21-25, 1964. 
Manuscript submitted March 23,1954; made avail¬ 
able for printing April 15, 1954. 

L. A. Finzi and R. R. Jackson are with the 
Carnegie Institute of Technology, Pittsburgh, Pa. 

This work was performed in part under sponsorship 
of the United States Office of Naval Research. 
Portions of the paper were abstracted from a 
dissertation by R. R. Jackson, submitted to 
Carnegie Institute of Technology in partial fulfill¬ 
ment of the requirements for the degree of Doctor 
of Philosophy. Helpful suggestions by F. J. 
Friedlaender are gratefully acknowledged. Experi¬ 
mental information graciously supplied by H. W. 
Lord of the General Electric Company has been 
of assistance in the preparation of the paper. 


July 1954 


Finzi , Jackson—Operation of Magnetic Amplifiers—II 


279 



plotting Ils—Ils'+Ils" versus I c —Ils' 
No/N c and, with the occurrence of relaxa¬ 
tion, it ceases to be a straight line, as has 
been shown by others . 4 * 8 
Moderate extensions of this analysis 
can be made when the saturable reactor 
circuit is modified by the addition of feed¬ 
back turns N f shown in Fig. 8 (A), part I. 
The mmf equations of the two cores be¬ 
come 


IHi “ N c i c -f- JVgig -|- N/if £3^ 

IHii = Ncio Ntig+Nfif ^4^ 

Under the assumption i f =\i B \ (i.e., 
perfect rectifiers and no bridge overlap 
phenomena) these equations show that 
the d-c transformer law modifies into 
Nci e~No\ig\(l +Nf/N 0 ), where the sign 
- or + applies, depending on whether 
the mmf of feedback and of signal are 
concordant or discordant. Transfer char¬ 
acteristics relating half-cyclic averages 
of signal and gate-winding currents re¬ 
main straight lines (properly tilted) re¬ 
gardless of the type of load. If relaxa¬ 
tion occurs in the load, half-cyclic aver¬ 
ages of load currents I Ls are calculated as 
before. Transfer characteristics are ob¬ 
tained by plotting ha^hs'+hs” versus 
Ic—Ils '(1 + Nf/N g )N„/N e . 

However, this oversimplified analysis 
loses practical validity as the number of 
feedback turns N f is increased, and be¬ 
comes absurd when N f =N„. This in¬ 
adequacy is disturbing because conven¬ 
tional self-saturating amplifiers of the 
doubler, center-tap or bridge types (most 
common in the manufacturing practice) 
behave exactly as external feedback am¬ 
plifiers with N,-N § . A proof of this 
equivalence results from simple algebraic 
transformations of the corresponding cir¬ 
cuit equations . 8 

Attempts to improve on this analysis 
by introducing a finite slope for the un¬ 
saturated portion of the magnetic charac¬ 
teristic are only moderately useful and 


Fij. 1. Operation 
of the doubler with 
resistive load 


Cd) . 


are inherently artificial. A more real¬ 
istic and valuable approach has been 
chosen by Storm 7 by discarding single¬ 
valued representations and by expressing 
the magnetization curve in the unsatu¬ 
rated region by a rectangle with vertical 
sides. This dynamic hysteresis loop 
yields the mmf of the amplifier cores 
(and thus the instantaneous control cur¬ 
rents) during the prefiring interval of 
swinging fluxes. 

But no information is expressed in this 
way on the mmf requirement of the un¬ 
saturated core during the remaining part 
of the half-cycle. If the static hysteresis 
loop is very narrow its mmf during this 
part can be assumed to be zero. But 
this simplification is less adequate for 
common cores (i.e., 0 . 002 -inch Deltamax 
Hypernik V, etc .). 8 * 8 In fact, during the 
output interval, while the one core is 
definitely saturated, the other, unsatu¬ 
rated, wanders slowly along the bottom of 
the minor loop from the left toward the 
right side, and the instantaneous control 
current is not zero nor does it average 
zero over this interval. The time-vary¬ 
ing mmf of the unsaturated core is gov¬ 
erned by a variety of complex phenomena 
presently understood only in part. Fur¬ 
ther analytical attempts must be pre¬ 
ceded by a careful and discriminating ob¬ 
servation of such elusive effects. 

Semiquantitative considerations follow, 
based on experimental investigations of 
this kind, together with circuit analysis, 
to remove some of the vagueness which 
affects the considerable empirical correc¬ 
tions (or “shearing” factors) commonly 


iHMii l® 

-—.. 1 - rc -m 


needed to match analytical predictions t 
actual experimental transfer characteris 
tics. Particular attention is given to th 
positive (high-gain) branch of the transfe: 
characteristic. Purely resistive loads an 
considered first, then extensions are mad< 
to more general cases. 

2. The Transfer Characteristics ol 
the Doubler with Resistive Loads 

The amplifier circuit of Fig. 8(B), part 
I, is considered, with load R L , purely re¬ 
sistive. The mmf equations, with the 
symbols and sign conventions shown, are 

IHi — Ndc+Ngigl ( 5 ) 

lHu = N c i c -f Ngig n (6) 

and the voltage equations are, for the gate 
loops 

rr • 0<At 

v 0 ~ V » m sm ut = Ng —+rgigi+R L i 0 + Vyl 

- . . . (7) 

where i 6 =tgi-i B u 

v Q = ^sin ut=*-Ng — - 

dt 

rt>igii+Rtfo—v yn ( 8 ) 

where r Q is the ohmic resistance of one 
gate winding and v yt and v yu are the 
voltages across the rectifiers (positive 
drops for the chosen positive direction of 
currents). Moreover 

*-**+*£+**!! W 

for the control loop where E c is the d-c 
voltage applied, R e is the total resistance 
of the control circuit. 
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Defining 

ic =*/<!+*<* (10) 

(where I c = E c /R c and i ch is the harmonic 
content of the control current, averaging 
zero over the half-cycle) equation 9 
transforms into 


0 -R'i*+N c ‘%+N. i -f 


(ID 


This algebraic transformation corre¬ 
sponds to a substitution of the actual con¬ 
trol circuit with two separate circuits, 
both with N c turns on each core. One 
circuit is supplied from a constant current 
source I c (where I c —E c /Rc by definition); 
the other, with total resistance R c , has 
no applied voltage, i.e., is short-circuited. 

By subtracting equation 8 from 7 

dd>i d<f> ii # ' 

0 = Ng — -\~Ng —— — hrgigl+fgigJl^rVyt +W T u 
at at 

( 12 ) 


eral Electric Company, N C = N 0 = 2,500 
turns, R e = 2 X 65 ohms, r g = 75 ohms. 
The load resistance is J? £ =400 ohms in 
the tests of Fig. 1; moreover, the crest 
Vgm of the 60-cycle gate supply voltage 
is V 0 m = \/§ X 130 volts; this value is 
only slightly lower than the crest V oN = 
uN e $of the “normal-excitation” volt¬ 
age, swinging the core fluxes from posi¬ 
tive to negative flux saturation level 
=fc 4> sa t, and vice versa. 

Fig. 1(A) shows the major dynamic loop 
of one core at the operating 60-cycle fre¬ 
quency and a minor loop described in the 
operation at a rather early angle of firing 
over the positive range of the transfer 
characteristic; Fig. 1(B) and Fig. 1(C) 
show instantaneous values of i e and % 
(at the same scale) during one positive 
half-cycle. (During this half-cycle no de¬ 
tectable i gn is recorded.) 

Interval 1 


which can also be written directly as the 
voltage equation of the external loop of 
the two gate windings in series. Using 
equation 11, equation 12 transforms into 

0 — rgigl-\-rgigll-\-V y i-\-Vyu—Reic?lNg/N c ( 13 ) 

This equation is useful as it gives some 
clue as to which rectifier is conducting at 
any time. 

It is assumed at first that the rectifiers 
have no appreciable leakage; that is, 
leakage, if any, shall be considered later 
by way of corrections; see section 7. 
Rectifiers satisfying this condition are 
readily available to the experimenter. 
Also it is assumed that the two cores have 
equal sizes and identical magnetic prop¬ 
erties, as should be the case if proper 
core-matching techniques are used ip 
amplifier production. 

The customary assumption R e — 0 is 
avoided here because of possible mis¬ 
understandings about its meaning. 
Rather, in the joint experimental and 
analytical study that follows, cases of low 
control circuit resistance and cases in 
which this resistance is increased, e.g., 
by the addition of sizable forcing resis¬ 
tors, are considered in succession. 

The operation of a doubler with purely 
resistive loads is evidenced by the oscillo¬ 
grams of Fig. 1. (Core data: Hypernik 
V, inside diameter (ID) l l /i inches; 
outside diameter (OD) 2 Va inches; height 
1/2-inch, thickness of laminations 0.002 
inch.) In this case R c (or more properly 
Rc/N e 2 ) is low, as the control winding on 
each core occupies about one-half the 
available winding space, while the con¬ 
trol voltage source E 0 has negligible in¬ 
ternal resistance. For this amplifier the 
rectifiers are Germanium A JA1A 3, Gen¬ 


At oit — 0, core I is found at some initial 
(preset) flux level %, while core II is at a 
level somewhere on the top of the loop 
near the residual level During the 
prefiring interval climbs toward +4W 
while diminishes at a nearly equal and 
opposite rate, as shown by equation 11. 
Both fluxes are varying cosinusoidally in 
time, or very nearly so, and their mmf re¬ 
quirements result from portions of a 
minor loop, which in its descending branch 
is seen to be very nearly coincident with 
the major dynamic loop embodying ef¬ 
fects of eddy currents and domain 
boundary movements. 

During this interval i ou cannot be 
negative in the absence of rectifier leak¬ 
age. It is shown here that it cannot be 
positive either. In fact, r g i 0l and v yl are 
certainly positive, hence equation 13 
indicates that the sum r g i ou - H 7U — 
RcicHN 0 /N c must be negative. Now 
over the positive branch of the transfer 
characteristic \i e \ > |/ c | in the prefiring 
interval from 0 to a, as I c is obtained 
from an averaging process of i c over the 
whole half-cycle. That is, with our sign 
conventions, i c n is a negative quantity 
during prefiring and thus —R c i C hN 0 /N c is 
a positive number. Since i gn cannot be 
negative, it follows that v ya must be 
negative; i.e., a reverse voltage appears 
across the gate rectifier II and therefore 
i gIt cannot be positive either. 

(On the basis of superficial thinking it 
might be taken for granted that no posi¬ 
tive ign can flow during the half-cycle 
considered. Such intuitive reasoning will 
be shown to be fallacious. Positive ign 
may well flow in later portions of the half¬ 
cycle considered). 

With igi i = 0, equation 6 yields i c - 


IHn/Nc where IH XI is obtained from the 
descending branch of the major dynamic 
loop. Analytically this loop can be ap¬ 
proximated by a parallelogram of width 
2lHa with slopes d$/dlH = v a lH d — 

constant. Since equation 8 yields 

4>Il=4>aikt-(l— cos cot) Vgm/Ngu 

IHrx— —IHa^—vd+vdVgm/VgN— 

VdVgm/Vgjf COSat} ( 14 ) 


where Vg N =o)Ng$ B& t 


Hence the contribution I c given by this 
first prefiring interval to the total I c is 


1 l f* 

I c ' — ~ I icdat =*—— f IHudut 

Vo Oi 

m . 1 

- SUI a> 
•N ‘ 


a — Vd 


which for V gm —V gN reduces to 

I c = -- ( a-Vd Sin a) 

■jtNo 


(15) 


(16) 


The simplified equation 16, coincides 
with an expression derived by Phillips 9 
but it is only a part of the total J c . (The 
assumption V om —Vg N is accepted 
throughout the following text.) 


Interval 2 

At cot-a the ascending $ x reaches 
and from there on d$Jdt takes an 
entirely different (and much smaller) 
order of magnitude; according to equa¬ 
tion 7, igi is now limited primarily by the 
load and gate-winding resistances. (The 
phenomena taking place during the firing 
transition are not easily described; the 
fi rin g shock may cause some oscillations 
in the various circuits with spikes and 
dips in i e . Fortunately these phenom¬ 
ena are short-lived and may be ignored 
in the evaluation of I e by an averaging 
integration extended over the whole 
half-cycle.) 

If firing occurs at a< ir/2, %, after its 
firing jump, keeps increasing, reaching its 
peak % peak at tt/ 2, where 

R=R L +r g . Accordingly at that time 
reaches its maximum value ‘tWx, where 
<3w>+$«at since the saturated incre¬ 
mental permeabilities of core I, small as 
they appear, are certainly not zero. 

Equation 11 indicates that keeps 
decreasing during this second time inter¬ 
val. (This is generally true because i e n is 
positive over this interval for all but very 
small values of a; also Reich is generally 
small in comparison to N c d$i/dt over this 
interval). But both flux changes are 
now slower, by an entirely different order 
of magnitude. Therefore the mmf re¬ 
quirements of the still descending core II 


July 1954 


Finzi, Jackson—Operation of Magnetic Amplifiers—II 


281 





j /a-MEASURED 


OVERLAP 


DOUBLER 2200 a 


Fig. 2. Transfer characteris- 
ics, resistive load. Influence 
of forcing control resistors 


are no longer expressed by its dynamic 
major loop and are given more nearly by 
its static major loop. This loop can be 
approximated by a parallelogram of 
width 2IH, and of slope d$/dlH=$ ai / 
v a lH s where (OD -ID)/(OD+ID).» 

Considering that the downward excur¬ 
sion on the static loop is very limited, it 
appears that i c over this interval (in 
which i gu is still zero) is expressed by 

lH d 

tc * cos a)*= constant 

where X~2lH,/2lH d 

The contribution 1/ given to the total 
I c by this interval between a and t is 

r n lHd , 

e * ~ x 7 n c ' 1 ~ Vs cos a X ,r / 2 -“) (17) 

valid for a<v/2 

No such contribution appears in the over¬ 
all expression of I e , if firi ng occurs at 
® f T/ ' 2 (“ evidenced by Fig. 1(D),which 
shows the instantaneous control current 
for a firing angle of 135 degrees). Thus 

IJ >ss 0 if ar^ir/2 
Interval 3 

In the remaining part of the half-cycle 
% decreases and accordingly also de¬ 
creases from Hence a process be¬ 
gins m which, with R c i eh small in com¬ 
parison to I Ncd^/dt], the flux $ u starts 
increasing, very slowly, toward the level 
®n==$ p at the end of the half-cycle. 
During this third time interval the mmf 
requirements of the unsaturated core II 


'a-DOUBLER R C =180A. 
b-DOUBLER Rc-2200A 

"C-CENTER-TAP Rc=l80- 

d-CENTER-TAP R c =2200 


“'•50 -1.00 -0.50 ( 

Ic,D-C MILLIAMPERES 

wandering from the left to the right side 
of the static loop are somewhat obscure. 

Attempts to give analytical expressions 
to the incremental permeabilities corre¬ 
sponding to this portion of the bottom of 
the minor loop have not been satisfactory 
so far, as any approximation tried does 
not explain some intriguing experimental 
evidence; for instance, the oscillographic 
trace of IH 1X as a function of time over 
this third interval seems to be affected 
only slightly by changes of R L or V gm 
(and thus of i g p#afc ) or of R c within 
somewhat broad ranges. (This is a 
matter for further investigation and 
analyses presently in course). 

But the very invariance of this trace, 
recognized from experimentation per¬ 
formed on various amplifiers for different 
cores, allows for an empirical approxima¬ 
tion of i c over this third interval. 
Namely, with i gn — 0 (as is still well the 
case for low values of R 0 ) the parabolic 
approximations are suggested 


— 
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-Jf 

>■ — 




U 

a- 

i 

DOUBLER R e -I 
1 

BOA 

J 

ft 





y/ 

0* 






-1.00 -0.50 
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this third interval is 


W J*/ 


. xlH,i 

-x 


xlHA 

2cot(i r— ut) 

N e ( 

(t—jt/2)t/2 


(1-Ps cos a) j* if a< Tj 


(V»—COS a) if «<t/ 2 (2l) 
or 

f\dut — 

V« N <\ * J 

(tt/3 a — l / 3 — v s cos a) if a> x/2 (22) 

The total control current I c needed for 
any wanted angle of firing is thus 

* e= Ic'+Ic"+Ic , " 1 ='ftinction of a (23) 

w ^ ere y is given by equation 16 while 
V'is given by equation 17 or equation 18 
and I e "' by equation 21 or equation 22 
depending on whether* < tt/ 2 or *> ir/2. 
t the other hand the load current for 
given ot is obtained from the type of 
reasoning used in part I, with some cor¬ 
rection for contributions given by pre¬ 
firing gate currents, whenever significant, 
i.e. 

Ii s =/®*I (7 i s -(-/ SIJ , S sfu nctJ - on Q f a (24) 

where 

C j . V gm .. 


72 (19) 


(1+cos a)t 

(mthR^R L +r„) (25) 

is the contribution given to the half- 
cyclic average of gate current by the most 
significant saturation (postfiring) inter¬ 
val, and 

Islv ~lJ 2 (26) 

. u jSq tt 


i c sB XlHtf 1 2ut(x—id) 

Nc 1 a(v—a) 

(1 — v s cos a)j- tict>ir /2 (20) 
Hence the contribution given by i c over 
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is the contribution of the magnetization 
(prefiring) part of the half-cycle. Equa¬ 
tion 26 is based on the coarse assumption 
that the mmf requirement of core I 
climbing toward saturation is obtained 
from IH^Ncic+Ngig with lH t =+lH a 
throughout. This approximation yields 
most nearly correct results for a=ir where 
Igip may be most significant, while its 
significance becomes per centwise smaller 
as a approaches zero. 

Under elimination of a from the two 
parametric equations 23 and 24 the trans¬ 
fer characteristic I L =f(I c ) is obtained. 
Also an analytical expression is obtainable 
for the incremental ampere-turn gain K AT . 


d! L Ng Ng Ml/ da . 

"dlcNc " N e didd a ' 


•function of a 


(27) 


Equations 19 and 20 have been formu¬ 
lated carefully to meet the physical re¬ 
quirement that the incremental ampere- 
turn gain K at be continuous at a = ir/2 
regardless of whether this angle of firing 
is reached from a<ir/2 or a>ir/2. 

Curve a in Fig. 2 shows an experimental 
transfer characteristic for the amplifier 
and load described. The same curve is 
repeated on the right and compared with 
a calculated one 

It should be clear at this point that the 
equations suggested are only attempts to 
co-ordinate analytically certain phenom¬ 
ena. The considerations given may be of 
some value insofar as phenomena are 
pointed out which should be properly 
considered and weighed by designers 
searching for equations of their own. 
The relative significance of the constants 
Ha, H S) v ( i, and v s is recognized by inspec¬ 
tion of the equations. This may be of 
interest in the question of pertinent core¬ 
testing procedures. 

The operation described is not limited 
to cases of finite positive slopes of the 
major loop. In fact, d$/dH could be in¬ 
finite or even negative (as mentioned by 
Phillips 9 ) and no immediate reason could 
be seen in this to decide upon instabilities 
in the operation. Whenever the dy¬ 
namic loop cannot be approximated com¬ 
pletely by a parallelogram as it presents 
bulges, e.g., at the beginning or end of the 
descending branch, appropriate modifica¬ 
tions are easily introduced in the expres¬ 
sion of Ig. No attempts have been 
made to embody in the equations trig¬ 
gering effects, recognized generally at the 
lower end of the characteristics and dis¬ 
cussed in reference 12. 


Influence of Forcing Resistors 

The assumption of very low control cir¬ 
cuit resistance can be removed now, and 


examination may be made as to how the 
control current i c is modified during the 
three intervals described when R e is in¬ 
creased within certain limits by means of 
forcing resistors added in the control cir¬ 
cuit. Equation 11 shows now that the 
rates of change of and $> n can no longer 
be considered as equal and opposite, 
though for practical values of the forcing 
resistor, their orders of magnitude in the 
various intervals may not be affected sub¬ 
stantially. 

During the prefiring interval i c n is 
mostly negative, then \d$n/ dt\<d$Jdt, 
thus n YlI <0 and i„ n =0. descends at 

a rate which has been slowed down by the 
presence of the forcing resistor, but as 
long as R e ichNg/N c is small in comparison 
to v g , this rate of change remains of an 
order of magnitude that justifies the use 
of the major dynamic loop to obtain i e 
(and thus If) during this interval. 

Again, at cat—a, i gt jumps and, if 
a<v/2, it keeps increasing further until 
it reaches its maximum at ut—r/2 or 
very nearly so. During this interval, as 

keeps increasing slowly, $ n decreases, 
also slowly, and the static loop supplies i e . 
No general statements can be made about 
the sign of ten and therefore about the 
influence of the voltage R c i e n upon the 
rate of change of # n during this interval. 
For angles of firing already a little larger 
than 0, i c n is generally slightly positive; 
then the forcing resistor increases some¬ 
what the rate of change of the very slowly 
descending $ n , and in fact $n may keep 
descending along the static loop even 
while igi, decreasing from its peak, causes 
$ r to recede from $max. In this case the 
second interval is protracted beyond t/2 
and this results ultimately in a somewhat 
larger value of [ I c \ for given a. 

Other more striking effects, which take 
place in the doubler, generally toward 
the end of the voltage half-cycle, are 
more largely responsible for the over-all 
increase of \l c \ owing to the forcing re¬ 
sistors. In fact, as core II is wandering 
from the left to the right side of the static 
loop the unexplained wave form of lH n 
appears substantially unaffected by the 
introduction of the forcing resistor. But 
already before the reversal of line volt¬ 
age a positive flow of i gn (with the sign 
conventions of Fig. 8(B), part I) can be 
observed. In fact, equation 13 with 
r g igi approaching zero and with i c n cer¬ 
tainly positive over this region, indi¬ 
cates the possibility that v 7 u may no 
longer be negative. 

This is an “overlap” phenomenon of 
simultaneous conduction of both recti¬ 
fiers, which is well evidenced in Fig. 2. 
As ign now gives a (positive) contribu¬ 


tion to IHu, i e is modified. An exact 
analysis of the overlap does not, for ob¬ 
vious reasons, seem easy; all the various 
terms appearing in equation 13 are of the 
same order of magnitude (and very small) 
as the end of the half-cycle nears; de¬ 
partures of igi from the sinusoidal wave 
forms are noticed; threshold voltages of 
both rectifiers are significant and, more¬ 
over, while one recognizes that i c n is posi¬ 
tive now, no quantitative expressions for 
it are available. Qualitatively one sees 
that overlap initiates earlier if RcNg^/NJ 
is large in comparison to the gate-winding 
resistance r 0 , and if the threshold voltages 
of the rectifiers are low. 

The transfer characteristic b in Fig. 2 
evidences the increase of control current 
requirements due to a sizable increase of 
R e . On the other hand, curve e indicates 
the effect of total constraint when i c n is 
made zero by the use of a 4,500-henry 
reactor (3.4 megohms for the second har¬ 
monic of the 60-cyde power supply fre¬ 
quency) in series in the control circuit. 

Finally, curve g shows the characteris¬ 
tic obtained multiplying by 2 the output 
of a half-wave amplifier with constant 
control current, i c =I c . The preceding 
description of the phenomena taking 
place in the unconstrained doubler indi¬ 
cated already that hasty generalizations 
of constrained half-wave amplifier be¬ 
havior to unconstrained doublers, popular 
as they may be, are not warranted, unless 
one is satisfied with the rather obvious 
recognition that in either case signal cur¬ 
rents somehow control the amplifier be¬ 
tween the two limits of full and minimum 
output. 

It should be added that additional mmf 
introduced by means of bias windings 
simply translate horizontally the charac¬ 
teristic a. On the other hand, the charac¬ 
teristic obtained in b is transformed into 
a, and then translated horizontally, if the 
described effects of the comparatively 
high-constraining R c used to obtain b are 
eliminated by the parallel action of some 
low resistance bias circuit. More pre¬ 
cisely, in the case of many control or bias 
circuits excited by d-c voltages, the output 
is dictated by the algebraic sum of their 
average mmf forces. The degree of con¬ 
straint of the amplifier, and thus the 
effects of overlap, etc., depend on the 
magnitude of the summation 2 N*/R 
extended to all control circuits. 

The Negative Branch of the 

Characteristic 

These considerations apply over the so- 
called positive branch (i.e., the high-gain 
portion) of the transfer characteristic, in 
which the output is controlled from its 
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maximum down to its minimum value by 
increases of the absolute value of the 
negative I e . Minimum ouput is obtained 
when <* = *-, that is, when J c = - lH d /N e .. 
In this particular condition no firing 
occurs, as both fluxes swing up and down 
without ever exceeding the levels rfc^, 
and the cyclic average of output current 
Il ~ Iq is by Io=I 0 i r =2\I c \N c /N a . 

Further increases of |/ c | cause the out¬ 
put to rise again, though with considera¬ 
bly smaller ampere-turn gains. To de¬ 
scribe this branch of the characteristic, let 
it be assumed that at the beginning of the 
positive voltage half-cycle is at some 
level near the negative residual flux and 
that $ Ir is at some level between the 
lower and upper limits of the major dy¬ 
namic loop. At w/£=0 the usual process of 
swinging fluxes initiates as $ x climbs and 
$11 comes down. The mmf requirements 
of the descending core may still be dic¬ 
tated by the major dynamic loop, but 
this may not be sufficient to define i c in 
this case, because with \l c \>lH d /N e , the 
harmonic term i cjl is positive and overlap 
(that is, flow of positive i gtI ) is observed 
frequently in the pre-firing interval. 
Higher values are taken by i c after firing. 
In fact, firing occurs here when, at some 
ut=a, the descending flux <t> Ir reaches 
$aat* From then on the a-c source 
sees the load resistance, in series with 
the reflected control circuit, since core I 
is not saturated and acts as a current 
transformer. During the firing interval 
ic=~igiN g /N e . In conclusion, the over¬ 
all ampere-turn gain N 0 I o /NJ c , (which 
at a —ir was seen to be equal to two) 
decays gradually, to become very nearly 
unity when |/ c | is increased to give maxi¬ 
mum output (a = 0) at the left hand of 
this branch. In view of the compara¬ 
tively limited significance of this branch 
of the transfer characteristic a more de¬ 
tailed analysis is omitted. 

3. The Center-Tap and Bridge 
Circuits with Resistive Load 

Without writing the voltage and mmf 
equations of these circuits, it can be 
stated that the phenomena described in 
section 2 are recognized without appre¬ 
ciable differences in these new cases. In 
fact, oscillograms of gate and con¬ 
trol current are quite similar to those 
presented in Fig. 1, but for the presence 
of some small rectifier leakage. (Of course, 
the higher reverse rectifier voltages ap¬ 
pearing during saturation intervals of 
these circuits require the use of dif¬ 
ferently rated rectifying elements.) 
Equations 15 to 23 apply here too, sepa¬ 
rate corrections to account for leakage 


can be introduced subsequently, as men¬ 
tioned in section 7. 

As R c is increased by means of forcing 
resistors the first of the two effects pre¬ 
viously mentioned in the third interval 
still appears, that is, i e remains at the 
level dictated by the static loop beyond 
the point at which i gi reaches its peak. 
However, the other effect (overlap) is 
much less conspicuous and hardly 
noticeable. In fact, the voltages to be 
overcome to initiate any earlier flow of 
positive ign are inherently higher in these 
two amplifiers. As overlap is more 
nearly negligible, it may be expected 
that the transfer characteristics of these 
circuits should be much less sensitive to 
moderate increases of Rc than was noticed 
in the doubler. This is evidenced by a 
comparison of the experimental transfer 
characteristics c and d of Fig. 2. An en¬ 
tirely different situation arises, however, 
in the case of extreme constraint, as 
shown by curve f in Fig. 2. 

4. The Doubler with Nonrectified 
Inductive Loads 

This kind of load has been treated in 
section 3, part I. For any value of a 
the nomogram supplies the corresponding 
angle of extinction /8. Interval 1 initiates 
here upon extinction of the preceding 
saturation interval. That is, atc^==/3-*r 
$i is found at the preset level $„ and 
starts climbing toward saturation, while 
$ n decreases at a nearly equal rate from 
its initial level, somewhere near f> reB . The 
rates of change of these fluxes may be 
somewhat different from those in the pre¬ 
firing interval of the situation described 
in section 2, because a different portion of 
the sine wave of v g is being absorbed by 
the cores. By way of approximation, 
however, it shall be assumed that the por¬ 
tion of minor loop described by the de¬ 
scending core over this interval still coin¬ 
cides with a portion of the major dynamic 
loop. Thus, for this interval, as <f> u = 

- [cos (tt—/ 3) - cos wt] Vgm/aNg with 
the major dynamic loop approximated by 
a parallelogram, (and with V m ^V tN ) 
it is found 


cos 0)](a—£+*■) — ^(sin C£+ sin 0)} (28) 

At ut=-a firing takes place and % 
starts increasing; thus in this second in¬ 
terval increases from toward <t> max > 
$aat and accordingly comes down at a 
very slow rate so that the mmf require¬ 
ments of core II are more nearly expressed 
by the static major loop. The downward 
excursion on this loop is very limited, 


hence i c is substantially constant during 
this process and is given by 

xlH d , 

ic jy l 1 """«(!+cos <*+cos |8)J (29) 

This second interval lasts until % reaches 
its peak at o>J=f, where f is evaluated 
from Appendix II and Fig. 10 of part I. 
Hence 

|; *N C * 

[1 —y s (l+cos o+cos£)](f— a ) (30) 

Beyond f the current i 91 decreases from 
its peak, decreases accordingly, and 
the third interval takes place, during 
which $ K rises slowly while the core mm f 
wanders from the left to the right side 
of the static major loop. Again the wave 
form of lH n can be approximated by a 
parabola. Hence 


A 

V J{ 


. , xlHa 
i c dut — - x 


irN c 


[Vs —^(1+ cos a-f- cos j8)](/3—f) (31) 

It is noted that all three intervals are 
always present for this kind of load. Re¬ 
gardless of the value of a, the post-firing 
% shows a gradual rising in the interval 
from a to f; this is the interval 2. (It is 
seen here that precise knowledge of f is 
not very essential, as the transition from 
interval 2 to interval 3 is very gradual in 
terms of i c .) 

Fig. 3 shows oscillograms of i c and i gl to 
different scales. Also transfer charac¬ 
teristics with R c =180 ohms are shown. 
Here R& — 584 ohms, R— 1.86 henrys, 
and a d-c source with If =+0.20 is in¬ 
cluded within a rectifying bridge of its 
own, as shown in Fig. 4, part I. 

These considerations apply for low 
values of R c . If forcing resistors are used, 
both effects of extensions of the second 
interval and of overlap before reaching /? 
are observed again, with resulting in¬ 
creases of the half-cyclic control current 
requirements for given output. 

5. Rectified Loads with 
Discharging Paths 


In these cases, treated in sections 4 and 
5 of part I, the load current ii coincides 
with the amplifier output current i 0 dur¬ 
ing forcing intervals; the relaxation cur¬ 
rent i h " does not flow through the gate 
windings and therefore does not affect the 
control requirements for given a. 

If it is known that the flow of load cur¬ 
rent is discontinuous, f is obtained again 
from part I, Appendix II, Fig. 10. In 
more usual cases of continuous flow, f is 
found from part I, Appendix II, Fig. 11, 
in conjunction with Fig. 10. 
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Fig. 3. A-c output. Non- 
rectified inductive load 


After wf i gx (and $ x ) decreases; <J> n 
starts rising and a third interval initiates 
in which the mtnf of the unsaturated core 
wanders from the left toward the right 
side of the static loop. In the analysis 
of part I, sections 2 and 4, no particular 
effort was made to evaluate the decay of 
gate current past the angle y=ir at which 
relaxation initiates and the load current 
becomes independent of the gate-winding 
current. On the other hand, it is seen 
now that this third interval really ter¬ 
minates when the gate current extin¬ 
guishes; because of some saturated in¬ 
ductance L g of the gate winding, this 
occurs at some angle n> t, and the current 
i gi over this interval is defined by the dif¬ 
ferential equation 7 of part I. The angle 
ij is found from the curves of Fig. 4, in 
terms of the initial value i„ of gate cur¬ 
rent when relaxation initiates (or, ac¬ 
tually in terms of i v R/ , and of 6 a — 
\anr l {(aLg/rg) (i r is obtained for part I, 
equation 9 for cases of discontinuous 
flow, and from part I, equation 27 for the 
more common continuous flow). 

Under these considerations the term 
I e ' is obtained from integration of 


ic** — T“{l — »tt(l + cos 17 + coswi)} 

iV(» 


from t) — 7 r to a 


Likewise J c " is obtained from integration 
of 


ic— -{ 1 —*»*( 1 -fr cos ij+ cos a)} 

iVc 


from a to f 


Careful observation of oscillograms of 
the mmf of the unsaturated core shows 
that interval 3 consists of two subinter¬ 
vals, from t to r and from r to 17 , with a 


break in the slope at ir. But to obtain 
workable formulas the whole course of 
interval 3 can be justifiably approximated 
by a single parabolic expression 



1—Vs(l-j- cos 17 + cos a.) — 



valid from f to 


V 


(All this is a matter of refinements which 
cannot be carried out further, because L a 
is not very well defined numerically, as the 
process of decaying i 0l extends over a 
region in which transitions from +4w to 
$re« are taking place in the saturated core.) 
Tentatively the following equations are 
suggested 

Ic*Jc'+/c"+/c"' (23) 

lc'-~ f“ iedwt -^{[ 1 -^( 1 + 

V,- ir *■"« 

cos ij)](a— i/+x) —»*«*( sin a-}- sin 77 )} (32) 



[1-^(1+ COS a+ cos 17 )] (f- a) (33) 



cos a-f- cos i?)]0>7 — r) (34) 


Oscillograms of gate and control cur¬ 
rents are shown in Fig. 5 for the amplifier 
in doubler circuit, but with the entire 
load within a rectifying bridge. Here 
J? c = 180 ohms, I?,, = 800 ohms, L l — 2.5 
henrys and K = + 0 . 20 . 

A matter of concern is seen in the oscil¬ 
lations observed in all circuits and, in 
particular, in i e upon the firing shock for 
this kind of load. The preceding equa¬ 
tions were derived under the assumption 


that the effects of these oscillations aver¬ 
age to zero in the integration process. 

Fig. 5 presents also a comparison of 
calculated and measured transfer charac¬ 
teristics for the conditions described. 
Discontinuous flow occurs for a>60 
degrees, as recognized with the procedures 
given in part I, sections 2 and 4, and re¬ 
viewed in section 1 of part II. I L is the 
sum of the forcing term I LS r and of the 
relaxation term I LS " given by equations 24 
and 25, part I, in cases of continuous flow 
and by twice the values of equations 12 
and 13, part I, for cases of discontinuous 
flow. On the other hand, Iq—Ils ,j t 
Igip where I gip is the correction from pre¬ 
firing currents in the gate winding, 
I 0 ip~2Hid [a—O 7 —ir)]/ irNg. (In the case 
of discontinuous flow extinguishing at 8 a 
similar correction can be made for I L 
adding to it 2111a [a—(5— w) ]/tN 0 to 
account for the fact that prefiring mag¬ 
netizing currents flow in the load during 
the interval between extinction and 
firing.) 

6. Self-Saturating Circuits with 
Additional Degenerative Feedback 

The historical development of magnetic 
amplifier analyses, starting from the sim¬ 
ple saturable reactor and successively add¬ 
ing feedback turns N f , made it customary 
to say that the simple reactor has zero 
feedback and that the addition of, e.g., 
Nf—0.8 N t turns converts it into an 
amplifier with 80 per cent feedback. 
With this terminology conventional 
doublers and similar self-saturating cir¬ 
cuits are amplifiers with 100 -per-cent 
feedback. 

The recognition that the simple satura- 
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ble reactor with sensitive core materials 
has unity ampere-turn gain later led to 
the following suggestion: it can be said 
more properly that the saturable reactor 
inherently has a 100 per cent feedback. 
The external feedback amplifier with 
Nf—Ng (and thus the conventional self- 
saturating circuits) should be more 
properly considered as the basic amplifier. 
That is, an external feedback amplifier 
with Nf~0.S N g has a degenerative feed¬ 
back of 20 per cent. Likewise, if N f = 
1.03 Ng, this amplifier has a regenerative 
feedback of 3 per cent. 

Degenerative action is obtained in the 
self-saturating amplifiers by introducing 
mmf proportional to the rectified ampli¬ 
fier output current and acting on each 
core with a negative contribution to its 
total mmf IH. According to a sugges¬ 
tion by Krabbe 18 this can be obtained 
without need for other rectifiers, by add¬ 
ing Na turns on each core; these turns 
are cross-connected in series with the gate 
winding on the other core with proper 
polarities. The degenerative action is 
seen from the recognition that the mmf 
equations 5 and 6 modify into 

lHi*=Ncic-\-N 0 i g i—Naigii (35) 

IHu^Ndc+Ngigii—Naigi (35) 

The operation of the amplifier in terms of 
total requirements of instantaneous mmf 
IE X and IH U remains unaffected (except 
perhaps for minor departures in the 
third interval if R 0 is large). Considering 


L0 1.2 


Fig. 4 (left). Extinction angle tl 
of gate currents; rectified loads -1.50 
with discharge paths 


Fig. 5 (right). Rectified inductive 
load with discharge paths 
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the operation of core II during the half¬ 
cycle initiating at (or at ut=/3—v 
for the case of nonrectified, inductive-re¬ 
sistive loads) it appears now that the 
various mmf requirements of the core 
are satisfied for any given angle of firing 
if the original instantaneous control cur¬ 
rent i e is varied by the addition of a term 
*e*—ioiNa/N c . That is, for a given a 
(and thus for a given output) the control 
current I e is given by 

Ic~Ic'+Ic"+Io"'+I c * (37) 

where, for each load situation, //, I e " and 
If" are the contributions given to the 
total control current in the absence of de- 


K 3 * +0.20 


generative turns by the three intervals 
considered in the previous sections, and 
Ic*—-\-igiNa/N e . The summation of 7 C '-f- 
Ic Ic'" was seen to be a negative num¬ 
ber; the additional requirements of de¬ 
generative action introduce a positive 
term. Thus the transfer characteristic 
expressing I a where I 0 ^I L for the loads 
considered in section 5) is modified by a 
kind of “shearing” to the right, and posi¬ 
tive values of control currents may well 
be needed over certain portions of the 
transfer characteristic. 

More commonly, degenerative feed¬ 
back is obtained by feeding the N d turns 
on the two cores directly in series with a 
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bridge rectifying the amplifier output cur¬ 
rent ig substantially with the same results. 
(In either case the addition of the N d 
turns modifies the voltage equations of the 
gate loops; this is a simple matter 6 ' 14 
which may be disregarded if N d «N„ 
and which, in any case, is not within the 
scope of this paper). 

As the degenerative action is increased 
by making N d larger and larger, the 
terms I e ', Ic” and I c ,n become more and 
more insignificant with respect to I c * 
and no need may be felt for an accurate 
consideration of the minor loops described 
by the cores. Then, of course, coarser 
representations of the =f(lH) relation¬ 
ship, (and in particular the single-valued 
representation with infinite permeability 
in the unsaturated region) are adequate, 
as used in section 1. 

7. Rectifier Effects 

Improper rectifier behavior is often re¬ 
sponsible for some departures from the 
results of the previous analysis. Effects 
of rectifier capacitance are most elusive, 
and elementary analyses of equivalent 
linear circuits are inadequate for many 
obvious reasons. It is suspected that 
rectifier capacitance emphasizes unfavora¬ 
bly the high-frequency oscillations which 
are observed in all the various coupled 
circuits upon the firing shock, with asym¬ 
metrical current wave forms. Inade¬ 
quate knowledge of both rectifier capaci¬ 
tance and magnetic nonlinearities along 
the bottom of the minor loop prevent the 
authors from attempting an analysis of 
these effects at this time. 

On the other hand, effects of rectifier 
leakage are more readily accounted for. 
In fact, in cases of low control circuit re¬ 
sistances the reverse voltages which ap¬ 
pear across the rectifier of the unsaturated 
core during saturation intervals are 
known in terms of output currents and 
circuit resistances, e.g., v yn —.—r g i g i for 
the doubler, or v yII &—2v 0 +r 0 i el for the 
center-tap circuit, etc. If enough infor¬ 
mation is available to relate these volt¬ 
ages to the negative i gn of leakage, its 
mmf can be introduced in the expression 
of lH n , thus modifying i c during the in¬ 
tervals in which significant leakage occurs. 
Evidently this negative mmf has de¬ 
generative effects quite similar to those 
described in section 6. In fact, if a 
linearization in terms of a fictitious recti¬ 
fier reverse resistance is admissible, recti¬ 
fier leakage corresponds to a true de¬ 
generative feedback. The equivalent N d 
and thus means for leakage compensa¬ 
tions by the addition of regenerative 
turns have been calculated with simple 


results in terms of all pertinent param- whence, by summation 


eters. 14 

8. Regenerative Feedback and 



Ng ijT 
N c 2 


Related Effects 


In the case of continuous flow of load 


Regenerative action is obtained in the 
self-saturating amplifiers by addition of 
N r turns on each core; these turns are 
cross-connected in series with the gate 
winding N g on the other core with proper 
polarities, namely, regenerative action 
results if the current i B1 through these 
additional turns introduces a positive 
contribution to the mmf lH n of the other 
core. The regenerative action is seen 
from the recognition that the mmf equa¬ 
tions 5 and 6 modify into 

IHt = N t ic + N g i g i + N T i g n (38) 

^•Hi i = N c i c + N g i g 11+ N r i g i (39) 

It appears that the unchanged mmf 
requirements of the core II are satisfied 
for any given angle of firing if the original 
instantaneous control current i c is varied 
by the addition of aterm i**= — i gi N r /N c . 
That is, the control current I e for given a 
is given by 


current these conditions prevail through¬ 
out the prefiring interval. Thus 

Io^-~ Il"+Ic"+Ic"' 

2 N e 

If the decay of relaxation current is dic¬ 
tated primarily by the load and is not 
greatly affected by the gate-winding re¬ 
sistance (and leakage inductance) and 
by resistances and voltages of control 
circuit, reflected into the gate circuit by 
the transformer action of both cores, 
then I L " is obtained from equation 25 
part I. Equations 33 and 34, part II, give 
Ic” and I c ,n - 

If the flow is discontinuous, relaxation 
is limited to the interval from ut =0 to 
<ai—b—ic. In this case 



Ic~lc'+Ic"+Ic'"+Ic** (40) 

where V, Ic” and If” are calculated for 
the same load and angle of firing in the 
absence of regenerative action and/ c **= 
— IqiNt/N c . The summation /«'+/ c ,/ + 
Ic'" was seen to be a negative number; 
I** is also negative. The regenerative 
action modifies the positive branch of the 
transfer characteristic expressing I a with 
a kind of shearing to the left. The same 
effects are obtained if the N r turns are 
fed directly by a bridge rectifying the am¬ 
plifier output current £©. 

A somewhat similar “pseudo regenera¬ 
tive” action is recognized in center-tap 
amplifiers with inductive loads (or in 
external feedback amplifiers with induc¬ 
tive loads connected inside of the N f 
loop) whenever no paths are offered for 
load relaxation by the additional pro¬ 
vision of discharging rectifiers. In these 
cases, mentioned in section 6, part I, load 
relaxation takes place through the ampli¬ 
fier windings. In the case of the center- 
tap circuit the load current if of relaxa¬ 
tion intervals finds two parallel paths 
through both gate windings, i.e., i L " = 

While relaxation takes place, both cores 
are in the prefiring condition of swinging 
fluxes, their mmf are dictated by the as¬ 
cending and descending sides of the dy¬ 
namic major loop, i.e., 

IHi =* Nctc~\~ N g igi=-\-lH d 

IHi i = N c ic ■+* Ngigii ==— lH d 


where lH n is obtained from the descending 
branch of the major dynamic loop over 
the time interval from the end of relaxa¬ 
tion to the next firing, and If is given 
by twice the value of equation 13, part I. 

The discharge of the load current if 
through the gate windings has an action 
similar to the one noticed in the regenera¬ 
tive feedback insofar as it increases \l e \ 
for given output. It differs from the true 
regenerative action as increases of |i c | 
are noticed in the prefiring rather than 
in the saturation interval. 

True regenerative action by additional 
turns N r as wdl as pseudo-regenerative 
action of gate-winding relaxation often 
affect the shape of the transfer charac¬ 
teristic so as to yield multivalued outputs 
for certain ranges of I e . Calculation of 
such transfer characteristics by the pro¬ 
cedures just outlined permits prediction 
of instabilities of this kind. 

Conclusions 

An analysis of load behavior upon 
firing has been presented in part I 1 for cer¬ 
tain common types of loads. The corre¬ 
sponding signal requirement art investi¬ 
gated here, dealing specifically with two- 
core amplifiers of the low-control imped¬ 
ance types. Amplifiers with low ampere- 
turn gains have been considered first. 
The recognition of the inadequacies of the 
extension of simplified analyses to the 
more critical situations of amplifiers with 
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very high ampere-turn gains has brought 
about a closer examination of the minor 
hysteresis loops described by the cores in 
the operation. Tentative equations have 
been presented for the control current re¬ 
quirements in the case of low control cir¬ 
cuit resistance; the modifying influence 
of moderate forcing resistors in the con¬ 
trol circuit has been examined and over¬ 
lap and other related effects have been 
described. 

The study was carried out first for 
purely resistive loads, as this seemed 
necessary at the present state of the art. 
Extensions to more general load situa¬ 
tions have been made subsequently under 
use of the results of part I, and transfer 
characteristics have been obtained for the 
various cases. 

Situations of less extreme gains (as re¬ 
sulting, e.g., from an additional degen¬ 
erative feedback or from the use of in¬ 
adequate rectifiers) have been discussed. 
Also a starting point for a further quanti¬ 
tative study of instabilities due to over¬ 
regeneration of various kinds has been 
established. 


A by-product of this approach is the 
tentative recognition of those core proper¬ 
ties which seem to be most significant in 
the control of amplifiers with low control 
impedance; this may bring some clarifica¬ 
tion in the matter of pertinent core-testing 
procedures and in the study of the prob¬ 
lem of drifts. 
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Switching Functions on an n-Dimensional 

Cube 

C. y. LEE 

NONMEMBER AIEE 


T HE analysis and synthesis of 2- 
terminal combinational networks 
from the standpoint of truth tables and 
Boolean algebra have been treated in 
great detail. 1 ' 2 In this paper these net¬ 
works will be considered from a somewhat 
different viewpoint, mainly a switching 
function will be considered as a set of 
vertexes on an re-dimensional cube (re- 
cube). Once a correspondence between 
a switching function and a set of vertexes 
on an re-cube is found, the concept of a 
“distance” may then be introduced. 
This concept proves to be of value in the 
problems of discovering symmetries and 
of classifying types of switching func¬ 
tions. 

Distance and Symmetry on an 
n-Cube 

Given re binary variables (x x , x 2 . . .x n ), 
there are 2 B “states” of these variables: 
(jCj, X 2 . . .Xji), (#i , x 2 . . .x B ). . .(x/, x 2 .. . 
x n r ). A binary re-digit point (vertex) 
on the re-cube corresponds to each of 
these states. Thus the state (x/, x 2 
Xj. . .x„) corresponds to the point (0, 0, 
1. . .1). A switching function/(xi, x 2 . . . 
x n ) of re-variables takes on the value 1 
for some of the 2 B states of these varia¬ 
bles. (In this paper the convention is 
used that x is 0 or 1 according as the relay 
contact x is open or closed and / is 0 or 1 
according as the input and output ter¬ 
minals are disconnected or connected.) 
Therefore the function/is represented by 
the set of points on the re-cube for which/ 
takes on the value 1. Thus the switch¬ 
ing function of three variables defined by 
the truth table, Table I, is represented by 
the three points on the 3-dimensional 
cube: (0, 0, 1), (0, 1, 0), (1, 0, 1). 
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Let C(») be the set of all binary re¬ 
digit points on the re-cube. A star (*) 
operation 3 * 4 is defined as follows. For 
every pair of points P { and P } in C(re), 
P t *P } =P k where a digit of P k is zero if 
the corresponding digits of P* and Pj are 
the same, and a digit of P k is 1 if the cor¬ 
responding digits of Pi and Pj are dif¬ 
ferent. Clearly, P k is also a point of 
C(n). Thus, if P< = (1011011) and P,= 
(0001101) (for N—7), then P t *Pj= 
( 1010110 ). 

Next, for every P t in C(«), |P<| is 
defined as the number of 1 ’s in Pi. Thus, 
if Pi= (1011011), then |P,|=5. A dis¬ 
tance can now be defined on the re-cube 
as follows. 6 For every pair of points 
Pi, Pj in C(n), the distance between them 
is 

d(P i ,Pj)-\p i *P j \ 

It can be shown that the distance axioms 
are satisfied. 

A symmetry of the re-cube is any 1-to-l 
transformation of the cube which leaves 
all pairwise distances invariant. It has 
been shown that there are 2 B (re!) sym¬ 
metries of an re-cube. Thus, for re = 2 
there are exactly eight symmetries of the 
square (2-dimensional cube). 6 

Symmetric Switching Functions on 
an n-Cube 

Before 2-terminal switching functions, 
are discussed, the symmetric switching 
functions will be considered; as a sub¬ 
class they are of considerable importance 
in practical application. 2 - 7 Geometri¬ 
cally speaking, whereas series-parallel net¬ 
works correspond to subcubes 8 on an re¬ 
cube, symmetric switching functions cor¬ 
respond to “spheres” on the re-cube. 
Note particularly that both the subcubes 
and spheres possess a high degree of sym¬ 
metry on an re-cube. 

Given a set of re-variables (xi, xa. . .x„), 
there are 2 B distinct transformations of 
this set of variables 

(xi, x 2 .. .x n )-+(y u y 2 .. ,y n ) 

where each yj is either Xj or x/ for /= 
1,2. . .re. Let these transformations be 
called negations. A symmetric switching 
function of re-variables is then defined to 


be any switching function which remains 
unchanged under all permutations of 
some set of the variables (y u y 2 .. ,y„). A 
better insight into symmetric switching 
functions can be acquired by introducing 
a class of elementary symmetric switch¬ 
ing functions. For re-variables (yi, y 2 . . . 
y n ) where again each yj—x } or x/ for 
j~ 1,2. . .re, the elementary symmetric 
switching functions are denoted by o-(re,i) 
where 

<r(n,0)=*y 1 ''y 2 '-y 3 , ‘ ,..-y n ' 
<r(n,l)=(yryi'‘yi'- .. .•?*') 

+(yi , *yj-y* / -...*V) 

+ • • ‘+(.yi'yi’yz '.. .-y n ) 


<r(n,n)=*yi'y 2 -y 3 '.. ,-y n 

The notation • is used for intersection 
and + for union. It is then seen that 
<r(»,4) is the switching function which 
takes on the value 1 if i and only i of the 
re-variables (y u y 2 . . .y n ) takes on the 
value 1. It can be shown that a switch¬ 
ing function is symmetric if and only if it 
is a union of a subset of elementary sym¬ 
metric switching functions. 

The elementary symmetric switching 
functions are closely related with the 
Boolean operation © defined by 

yi®y***yi'yi+yi-yi 

Instead of discussing the fundamental 
properties of symmetric and elementary 
symmetric switching functions individ¬ 
ually, they will all be collected into one 
theorem. 

Theorem 1 

1. A switching function is symmetric 
only if it is a union of a subset of elemen¬ 
tary symmetric switching functions. 

2. Denoting the complement of a 
switching function / by./', the following 
are true 

(a) [<r(re, »)]'= Yj *) 

k,kfii 

(b) lff=<r(n,ii)-\-a(n,i 2 )-\r. . .+<r(re,4) 
(/is symmetric), then 

/'= 2 *(»,« 

k,kfii\...i k 


Table I. Truth Table for Switching Function f 


Xi 

xt 
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0 . 

. 0 . 


. 0 

0 . 



. 1 

0 . 

. 1 . 

. .0 . 

. 1 

0 . 

. 1 . 

. 1 . 

. 0 

1 . 

. 0 . 

. 0 . 

. 0 

1 . 



. 1 

1 . 
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. 0 . 

. 0 

1 . 
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Fig. 1. Geometrical representation of 
switching function f 


3. 3 'i©y 2 +. • .®y n — <r(n,l)<r(n,Z)-\~ 
. . .+<r(«,«o) where «o=» if n is odd 
and nt—n — 1 if n is even. 

4. If we define yp—yu y^—yt, and 

= 0 or 1 , then (*«$*•*©. . . 0 ^*) = 

n 

yi®y 2 ©. . .©y« if e< is even, and 

i»i 

(yi ei @y t ei ®.. .@y n en ) = (yi®yi ®.. .®y n )' 

n 

if ^2 is odd. 

Now consider certain configurations on 
the «-cube which are the exact analogues 
of ordinary spheres . 6 Let P 0 be an arbi¬ 
trary point of C(«) ; then by a sphere of 
radius r about P 0 is meant the set of 
points P of C(n) such that the distance 
d(P, Po) is r. In the case of ordinary 
spheres, the center of a sphere usually 
means a point which is equidistant from 
all points on the sphere. By this defini¬ 
tion each sphere has two centers if 

infinity is considered as a point. In 

exactly the same way, every sphere on 
C(n) has two centers, both of which are 
now finite. To distinguish them one 

will be called the near-center and the 
other the far-center. 

As an illustration, consider the two 
spheres on the 4-dimensional cube con¬ 
sisting of the following two sets of points: 

(a) (0001) (b) (1011) 

( 0010 ) ( 1101 ) 

(0100) and (0001) 

( 1000 ) ( 1110 ) 

( 0010 ) 

( 0100 ) 

(a) is a sphere of near-center ( 0000 ) 
of radius 1 and of far-center ( 1111 ) of 
radius 3. The points (1000) and (0111) 
are again the near- and far-centers of (b) 
but the radius is 2 in both cases. 

In general, if r is the radius of a sphere 
with respect to the near-center, n—r is 
the radius with respect to the far-center 
where r^n—r. 

If a 2-terminal switching function is 


considered as a set of points on an n- 
cube, then an elementary symmetric 
switching function <r(n,i) corresponds 
exactly to a sphere on C(n ) with a radius 
of the smaller of i and (n—i) with respect 
to its near-center. (For example, the 
elementary symmetric function <r( 5 , 3 ) 
corresponds to a sphere on C(n) with 
radius 2 with respect to its near-center.) 
The following theorem results. 

Theorem 2 

Every elementary symmetric switching 
function <r(n,i) corresponds exactly to a 
sphere on the «-cube (Cn) and con¬ 
versely. If P 0 is the near-center, the 
radius of the sphere with respect to P 0 
is the smaller of the two numbers i and 
n—i. If Q 0 is the far-center, Q 0 is the 
“complement” of P 0 [e.g., if P 0 = (Olll), 
then 0 o= ( 1000 )]. 

The problem of synthesizing sym¬ 
metric switching networks becomes now a 
problem of recognizing spheres on an n- 
cube. A method of recognizing such 
spheres by using a map has been de¬ 
scribed by Caldwell . 7 

Types of Switching Functions and 
the n-Cube 

By a symmetry (sometimes referred to 
as an input transformation 9 ) of an n- 
cube is meant a 1 -to-l transformation of 
the cube which leaves all pairwise dis¬ 
tances on the cube invariant. Let G be 
the set of all symmetries of an »-cube and 
let 7 be any element of G. If / is any 
switching function of »-variables, then 7 , 
operating on the cube, induces a new 
switching function g of K-variables. This 
operation is denoted by 7 (f)—g- 

For example, let / be the switching 
function of three variables previously 
given and let 7 be the symmetry opera¬ 
tion 

7i = *j, y 2 = ra', yt—xi 

7 CD is then the switching function g given 
by the truth table shown in Table II. A 
geometric picture is shown in Figs. 1 
and 2 . 

Two switching functions / and g are 
said to be of the same type if there is 
some symmetry 7 in G such that y(j) = g. 


Table II. Truth Table for Switching Function g 


Vl 

y* 

ys 

e 


0.1.0.0 


0. 

.o. 

.0. 

.1 

l. 

.o. 

.0. 

.0 

o. 

.i. 

.1. 

.o 

l. 

.l. 

.1. 

.1 

o.. 

.o. 

.1.. 

.o 

i. 

.0. 

.1_ 

n 



Y3 



Fig. 2. Geometrical representation of 
switching function g — y(f) 


Given two functions / and g, it is im¬ 
portant to know whether or not they are 
of the same type, because the synthesis 
problem for / is equivalent to the syn¬ 
thesis problem for g if / and g are of the 
same type. Thus, although there are 
a total of 65,536 switching functions of 
four variables, the synthesis problem is 
reduced to the synthesis of each of the 
402 types of switching functions of four 
variables. 

Mathematically, the set G forms a 
non-Abelian group and is called the group 
of symmetries of the w-cube. By using 
the theory of groups, the number of types 
of switching functions of -re-variables has 
recently been evaluated . 10 - 11 

There are still many open problems in 
this connection. One problem is, given 
a switching function /, to find if there is 
any nonidentity symmetry 7 in G such 
that 7 (/) =/ and, if so, how many such 
symmetries there are . 2 A more impor¬ 
tant problem is how the theory discussed 
here can be applied to sequential relay 
networks. It is hoped that solutions to 
these and other similar problems will not 
be too distant in their appearance since 
even a partial solution to these problems 
may lead to better and more economical 
design of practical circuits. 
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Varistor Modulators for Carrier Systems 

R. S. CARUTHERS 

MEMBER AIEE 


S INCE the advent of the varistor modu¬ 
lator in carrier communication equip¬ 
ment about 20 years ago, much has been 
written on the theoretical nature of the 
modulation processes involved. Very 
little has been written with regard to the 
practical problems in modulator use en¬ 
countered by the designer. This paper 
will stress the practical rather than the 
theoretical. 

Early varistor modulators were all of a 
copper-oxide type; 1 in fact, little else was 
available other than the cat-whisker 
crystals used in radio sets. More recently 
newer systems have almost abandoned the 
use of copper oxide in favor of point- 
contact varistor diodes of the germanium 
and silicon types. These later units 
show much improved frequency charac¬ 
teristics, better stability, and lower cost. 
Their construction, too, is more com¬ 
patible with present-day miniaturization 
approaches. 

Modulators in speech communication 
equipment take many forms. In chan¬ 
nel modulators and demodulators, they 
serve not only to modulate the speech 
band with a single carrier frequency but 
also as a limiter. In group modulators, 
a considerable number of channels are 
modulated on a carrier for proper dis¬ 
position of the channels in the frequency 
spectrum of the transmission medium 
involved. In carrier telephone repeaters 
for open-wire and cable systems, a wide 
use has been found recently in providing 
a frequency-frogging modulator arrange¬ 
ment whereby the group spectrum is 
changed alternately between low- and 
high-group bands at successive repeater 
points. 1 Varistor modulators find other 
uses as keying devices either in the signal¬ 
ing branches for on-off operation in single¬ 
frequency signaling or in telegraph. In 
frequency-shift signaling operation an 
oscillator may be keyed back and forth 
between two frequency positions by 
varistor operation of a frequency-deter¬ 
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mining element in the oscillator circuit. 
In this paper the operation of channel 
and group modulator circuits will be 
stressed, as well as their influences on the 
operation of signaling and regulating 
circuits and on the design of associated 
filter equipment. 

Channel Modulators 

Design of channel modulators is con¬ 
cerned with: 

1. Choice of the frequency allocation. 

2. Selection of a plan of modulation. 

3. Choice of a proper modulator con¬ 
figuration. 

4. Evaluation of a procedure for supplying 
carrier to both modulator and demodulator. 

5. Obtaining proper loading and modula¬ 
tion effects in the modulator. 

6. Working out band filter and voice 
filter arrangements for association with the 
modulator. 

7. Obtaining proper crosstalk either from 
channel to channel through proper filter 
design or through common carrier supply 
arrangements. 

8. Properly associating the whole into a 
channel of adequate frequency characteristic 
and distortion-free performance. 

In addition, where signaling channels are 
involved, signaling must be properly 
integrated with the speech modulator so 
that the interacting effects may be con¬ 
trolled adequately. 

Fifteen years ago a principal concern 
was that of obtaining low loss in modula¬ 
tors; this has since become of negligible 
importance. Modulator circuits, when 
combined with group modulating equip¬ 
ment which necessarily works at low 
levels, are able to make liberal use of pads 
for level co-ordination, and modulator 
loss is not important. In demodulators, 
because of the high output levels required 
at terminals, it has never proved feasible 
to operate without a voice amplifier after 


the demodulator unit. This gain makes 
the loss of the demodulator relatively 
unimportant. 

Either shunt, series, or double-balanced 
(ring-type) modulators are employed. 
Use of a minimum number of transform¬ 
ers, obtaining a proper overload charac¬ 
teristic for adequate limiting, and free¬ 
dom in use of grounded circuits are 
major factors in selecting the proper form 
of modulator. Because it is not econom¬ 
ical to design associated voice-frequency 
filters and channel band filters (coil- 
capacitor types are referred to) on any 
other than an unbalanced basis, trans¬ 
formers are usually required either beyond 
the filters or within the modulator struc¬ 
ture. 

In Fig. 1 channel modulators of both 
shunt and ring type are shown. In both 
cases transformers are needed toward 
the input voice circuit because of require¬ 
ments for balanced operation in connec¬ 
tion with connected 4-wire terminating 
sets. The band filter end of the modula¬ 
tor is unbalanced to ground in each case 
to cheapen the band filter design. In 
the case of the ring modulator this neces¬ 
sarily imposes a transformer require¬ 
ment in the carrier supply branch. A 
transformer also is required in the carrier 
supply branch because of the shunt 
modulator. With grounded operation in 
the speech, branches of the circuit, cross¬ 
talk results from channel to channel 
through the carrier supply branch unless 
a transformer winding is imposed in each 
modulator branch separately fed from 
the carrier supply. 

A factor of importance in the design of 
channel modulators is the degree of over¬ 
loading or clipping presented to the high 
speech peaks in the signal. The objec¬ 
tive for such a limiting device is that 
strong signals from an individual channel 
will not seriously load subsequent com¬ 
mon amplifiers and modulators for groups 
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Fig. 1, Schematic diagrams of shunt and ring-type modulators 


of channels. This prevents any one 
channel from rendering the multichannel 
system inoperative. Strong signals from 
a channel may come from: 

1. High speech peaks associated with the 
strongest of talker volumes. 

2. High signaling levels experienced with 
ringdown si gnaling . 

3. Switch hook or relay clicks. 

4. Accidental subjecting of the modu¬ 
lators to high-level single-frequency signals 
during test and maintenance. 

For many years the degree of limiting 
put in a speech channel in carrier tele¬ 
phone communication equipment was 
set by the overload characteristic of three 
44-A1 Western Electric repeaters operated 
in tandem. Such a load curve is shown 
in Fig. 2. It was reasoned that long voice- 
repeatered circuits operated satisfactorily 
with this degree of limiting. Limi tin g 


of this magnitude was such that after the 
first three 44-A1 repeaters in tandem any 
number of subsequent repeaters cbangpd 
the gain output curve by an inappreciable 
amount. The only change in this limit¬ 
ing curve in present design objectives is 
that talker volumes have decreased over 
the last 15 to 20 years to an extent that 
output can be limited more than is 
shown by this curve. At the time of the 
initial use of this curve in setting modula¬ 
tor characteristics, average talker volumes 
in telephone circuits were considered to 
be at least 6 decibds (db) greater than 
they are today. Generally, however, the 
maximum output of channel modulators 
is limited only about 3 db more than in 
design procedures of 15 to 20 years ago. 
In military equipment, where the speech 
levels at the input of modulator equip¬ 


ment are not subject so such wide varia¬ 
tions as on associated trunk circuits, 
limiting has sometimes been made 6 db 
more severe than for three 44-A1 re-" 
peaters in tandem. Part of the hesitance 
in putting more severe limiting in tele¬ 
phone practice is caused by the fear that 
lack of maintenance will allow input 
levels to channel modulator equipment 
to exceed appreciably the normal values 
used in design. In Fig. 2 an overload 
curve for a shunt modulator is shown 
closely approximating the shape of three 
44-A1 ’s. 

In Fig. 3 overload curves are shown for 
ring modulators for various amounts of 
carrier voltage and power. The degree 
of limiting is determined by the carrier 
voltage and power supplied. It should be 
noted that ring modulators do not over¬ 
load as abruptly as the shunt modulator 
or the three 44-A1 objective. The more 
gradual overloading is caused by higher 
impedance in the carrier supply branch 
than in shunt modulators. 

Choice of Channel Modulator 
Frequency Allocation and 

Modulating Plan 

Basically, frequency allocations for 
channel modulators revolve about the 
types of filters which will be used. Use 
of crystal filters influences the design 
toward choice of carrier frequencies in 
the range between 100 and 200 kc. Use 
of coil-capacitor filters influences the 
design to employ the lowest possible fre¬ 
quencies to obtain adequate Q’s and good 
stability of elements. 

Fig. 4 shows a modulating plan setting 
up 12 channels in the 40-to-88-kc band. 
Channels are made up in groups of four, 
4-kc spaced, and occupying a spectrum 
from 8 to 24 kc. Use of such a low-fre- 
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Fig. 4. A modulation plan for generating 12 channels at 40 to 88 Icc 
through use of three 4-channel pregroups 


Fig. 5. Transmitter-voice and receiver-ear characteristics for the 
Western Electric FIA telephone set 


quency band as this with carriers at 8, 
12, 16, or 20 kc inevitably results in pro¬ 
duction of side band on harmonics of 
these carriers not much removed in fre¬ 
quency from the useful bands. In fact, 
side bands on harmonics of the carriers of 
the lower channels overlap the side 
bands of the upper channels. This is not 
the case where the primary modulating 
bands are chosen at the high frequencies 
used with crystal filters. A sufficiently 
high diannel modulating band frequently 
results in utilization of a common filter 
to a group of channels, suppressing side 
bands of harmonics of any carrier within 
the group of channels. To permit use of 
a common low-pass filter to suppress all 
such harmonic side bands, it is necessary 
only that the side band on the second 
harmonic of the carrier of the lowest chan¬ 
nel involved fall above the side band of 
the carrier on the highest frequency 
channel. This is particularly useful in 
double-side-band compandored systems 
where, as a result, no transmitting chan¬ 
nel band filter is needed. 

Channel Band Filter Requirements 
in Relation to Channel Modulator 
Arrangements 

In the design of channel band filters 
for association with modulator circuits, 
use is made of the so-called transmitter- 
voice and receiver-ear frequency charac¬ 
teristics. In most instances both side 
bands of the transmitting channel fre¬ 
quencies are displaced with respect to the 
adjacent receiving channel band. As a 
result of this staggering, a disturbance ad¬ 
vantage results because the highest energy 
content of the voice in the transmitting 
channel is not heard at the most sensitive 
frequency spot of the listener ear in the 
receiving channel. A common procedure 
for many years has been to break the 


energy content in the transmitter-voice 
characteristic into 100-cycle segments 
with a measured amount of total energy 
assigned to each. Likewise, the rela¬ 
tive sensitivity in the receiver-ear charac¬ 
teristic is compared in 100-cyde segments 
across the band of the receiving channel. 

Thus, in two adjacent channels 4 kc 
spaced and operating on lower side bands, 
a 1,000-cycle speech signal modulates the 
carrier to produce upper and lower 1,000- 
cyde side bands. In the adjacent re¬ 
ceiving channel these two side bands in the 
interfering channd are heard respectivdy 
at either 3 or 6 kc. The relative inter¬ 
fering effect into the disturbed channel 
is determined by a comparison of the 
sum of the original 1,000-cyde signal 
energy and the 3-kc receiver-ear wdght- 
ing in the receiving channel with the sum 
of the transmitter-voice and the receiver- 
ear energy weighting of the 1,000-cyde 
tone in the disturbing channd. 

In Fig. 5 transmitter-voice and re- 
ceiver-ear characteristics are shown for 
the Western Electric type- FI A telephone 
set. The receiver-ear characteristic 
shown is quite similar to the wdghting 
curve commonly used with noise meters 
of the Western Electric 2B type. The 
total speech power output of the trans¬ 
mitter, expressed as the sum of the 100- 
cyde transmitter-voice segments, is 10 
db greater than the power of the maxi¬ 
mum segment at 600 cycles. The aver¬ 
age talker volume at 2-wire input to car¬ 
rier channels in telephone plant is about 
— 16 volume units (approximately —16 
db bdow 1 milliwatt) with a standard 
deviation of about 5.6 db. The maximum 
talker volume is assumed to be 0 volume 
units and the minimum about —31 
volume units. 

In Fig. 6 transmitter-voice and re¬ 
ceiver-ear characteristics have been used 
to compute the filter discrimination 


needed in channel band filters with car¬ 
riers 4 kc apart to result in 55-db cross¬ 
talk interference between these channds. 
Each interfering 100-cyde segment was 
assumed to contribute equally to the 
interference. A total of 40 100-cyde 
segments was assumed in summing the 
power contribution in the interference 



Fig. 6. Filter discrimination requirements 
for channel band Alters 
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UPPER SIDEBAND FILTER REQUIREMENTS FOR 55DB CROSSTALK 



4 6 8 10 12 14 16 18 20 22 24 


FREQUENCY-KILOCYCLES 

Fig. 7. Filter discrimination requirement for a channel band filter using upper side-band channel 


band. It should be noted that, even 
though the crosstalk requirement is 55 
db between such channels, in only a few 
of the 100-cycle segments is the filter re¬ 
quirement as great as 55 db. In the 
majority of cases the staggering advan¬ 
tage due to displaced frequencies permits 
relaxed filter requirements. 

A great many conclusions can be drawn 
from a study of transmitter-voice and 
receiver-ear characteristics in determin¬ 
ing channel band filter characteristics. 
For example, in twin-channel operation 
where adjacent channels are upper and 
lower side bands on the same carrier, 
interference from one side band to the 
other is always intelligible and no stag¬ 
gering advantage exists between the two 
channels. The discrimination require¬ 
ment to attain the crosstalk objective 
must be met in the filter alone. In such 
cases, moreover, the filter discrimination 
must be increased an additional 10 db 
because of the increased suppression that 
must be given to intelligible crosstalk. 
In single-side-band operation, it is ob¬ 
vious that the filter requirement eases as 
the separation between carriers increases. 
In double-side-band operation, the car¬ 
riers of adjacent channels are frequently 
spaced 8 kc apart. With such spacings 
in either double- or single-side-band 
operation, the band filter requirement can 
be very much relaxed. The frequency 
bands of the interfering segments of 
energy are so high that little disturbance 
occurs in the overlapping bands. In 
most instances, too, the filter suppression 
required may be put in the voice-fre¬ 
quency band with low-pass filters either 
in the transmission circuit or in the re¬ 
ceiving circuit. This virtually eliminates 
any need for band filters in double-side- 
band operation. It is advantageous in 


such cases to minimize even further the 
amount of filtering required, through re¬ 
sort to compandors or through use of 
phase modulator methods. In the case 
of compandors as much as 20 to 25 db 
of additional suppression is obtained, and 
in the case of phase modulators the major 
part of the unwanted side band is easily 
reduced about 30 db. 

In Fig. 7 filter requirements which will 
result in no greater than 55-db inter¬ 
ference into adjacent channds in an 8-to- 
24-kc 4-channel group have been com¬ 
puted for an 8-to-12-kc band filter. Up¬ 
per side-band arrangements are used with 
carriers at 8, 12, 16, and 20 kc. Any 
direct interference from the lower channel 
into the next higher channel requires 
speech band frequencies above 4 kc 
modulating on the 8-kc carrier. How¬ 
ever, lower side bands on the 8-kc carrier 
are heard with much greater intensity on 
the next lower frequency channel after 
group modulation (see Fig. 4), 3-kc side 
bands, for example, being heard at 1,000 
cycles. In the higher frequency channels 
direct interfering products result from 
the 8 kc carrier channel modulator 
through side bands on the second har¬ 
monic of 8 kc, lower side-band frequen¬ 
cies falling in the band from 12 to 16 kc. 
Upper side bands on this second har¬ 
monic fall in the band from 16 to 20 kc 
and are directly intelligible. 

The shunt modulator side bands on the 
second harmonic of the carrier are seldom 
more than a few db below the side bands 
on the fundamental of the carrier. In a 
double-balanced or ring modulator an 
additional 25 db of suppression results 
for such side bands, and filter require¬ 
ments can be reduced correspondingly. 
A further side-band interfering pattern 
occurs in this case on the third harmonic 


of the 8-kc carrier. Lower side bands on 
24 kc fall inverted in the top channd. 
Inasmuch as side bands on third har-. 
monies of carriers are theoretically only 
one-third the amplitude of side bands on 
the fundamental of the carrier, suppres¬ 
sion to this type of side band must be 
within approximately 10 db of the re¬ 
quirement supplied to the interfering side 
bands on the fundamental of the carrier. 
In the case cited it is quite apparent that 
a marked difference results in the com¬ 
plexity of filter design whether upper or 
lower side bands are used in the channel 
modulators. Filter discrimination re¬ 
quirements are always most severe on the 
unwanted side-band frequency portion of 
the band. Beyond the band in the fre¬ 
quency portion of the wanted side band, 
interfering effects are small. Also, inter¬ 
fering effects with side bands on har¬ 
monics of the carrier are inclined to be 
large. It is quite apparent, then, that 
where extensive filter discrimination is 
required it is best to operate with lower 
side-band arrangements so that unwanted 
side-band discriminations and discrimina¬ 
tions to side bands on harmonics of the 
carrier fall in the same frequency position 
or order. This is the case only with 
lower side-band operation. 

Another filter requirement always pres¬ 
ent in operation of single-side-band chan¬ 
nels is the discrimination needed for the 
unwanted side bands to prevent wobble 
in the transmission characteristic. It is 
seldom possible in suppressed carrier 
single-side-band operations to hold the 
carriers at the two ends in exact syn¬ 
chronization. Frequency deviations up 
to 10 cycles are normally tolerated in 
over-all speech channel bands, and up to 
as much as 2 cycles in program channels. 

It has been determined by ear tests that a 
frequency difference of about 4 cycles 
between the carriers at the two ends is 
most inclined to result in a disturbing ef¬ 
fect. If the lower frequencies in the 
speech band are not adequatdy sup¬ 
pressed in the unwanted side-band portion 
of the filter, a beat will occur in these fre¬ 
quencies at the receiving end. A mini¬ 
mum suppression to unwanted side bands 
in the combined transmitting and re¬ 
ceiving circuit should be at least 20 db 
and preferably from 30 to 40 db. 

In the operation of double-side-band 
systems with the carrier transmitted, it 
is a simple matter to approach 100-per¬ 
cent modulation with very low distor¬ 
tion through the use of full-wave linear 
demodulator circuits. As theoretically 
predicted, distortion stays low until 100- 
per-cent modulation is exceeded in the 
demodulator, where the modulation breaks 
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rapidly as in a feedback amplifier circuit 
near maximum output. This is not the 
’case in the modulator circuit where at¬ 
tempts to produce 100-per-cent modu¬ 
lated carrier waves by straightforward 
means invariably end in high distortion. 
To overcome this difficulty balanced 
modulators of the ring or shunt type are 
used. The procedure is to obtain ade¬ 
quate carrier leak balance and then re¬ 
inject the transmitted carrier at the 
proper amplitude and phase in the trans¬ 
mitted wave, to result in an adequate per¬ 
centage modulation. Straightforward 
means have reinjected the carrier and re¬ 
sulted in poor control of the carrier phase 
stability from a time and temperature 
standpoint, so that the carrier phase is 
displaced with respect to the side-band 
phase. 

It was found that the introduction 
of a d-c signal in the speech branch with 
an amplitude equal to the maximum 
speech peak resulted in production of two 
zero-frequency side bands which were 
identical with the desired transmitted 
carrier in frequency and phase. The 
end result was a modulator circuit with 
approximately 100-per-cent modulation 
on maximum speech peaks with the 
carrier wave under good control of phase. 

Some unique experiences have been 
encountered in modulators where a tone- 
operated frequency-shift signaling chan¬ 
nel is also used for automatic transmis¬ 
sion regulation of the over-all speech 
channel. In this case the level of the 
signaling tone was used as an over-all 
means of adjusting receiving channel 
gain to offset line or transmitting and re¬ 
ceiving terminal variations. Overload¬ 
ing from speech or test signals caused 
corresponding gain reductions in the 
level of the regulating signal tone. The 
channel regulator automatically would 
tend to compensate for such gain reduc¬ 
tion and thus offset any overloading 
caused by the speech signal. Thus, no 
measure of the overload characteristic 
of the channel could be made on a single¬ 
frequency basis. Fig. 8 shows the over¬ 
load of the channel modulator plus the 
reduction in signal level passing through 
the modulator. The reduction of gain at 
the signaling or regulating frequency is 
even greater than that at the speech 
signal. The end result, then, was that 
the gain of the over-all channel actually 
increased as the speech signal was in¬ 
creased. Even though the channel modu¬ 
lator at the transmitting end was being 
used as a limiter to dip the maximum 
peaks of the speech signals, actually on a 
single-frequency basis this effect could be 
measured only at the transmitting ter¬ 


minal and not in the over-all channel 
characteristic. 

In another instance, with use of upper 
side-band channels on a 8-kc carrier and 
with frequency-shift signaling at 3,400/- 
3,550 cycles used for channel regulation, 
violent beats in the channel response 
were encountered with an input speech 
signal of 1,550 cycles. It was found that 
the upper side-band frequency of the 
signaling tone at 11,400 cycles cointided 
exactly in frequency with a modulation 
product from the input speech signal of 
4,600/3 cydes (twice the carrier frequency 
minus three times the speech signal). A 
shunt modulator was used in which this 
modulation product was not balanced 
from the output. Even with such a prod¬ 
uct 26 db below signaling side band, a 
beat of 1 db was experienced which was 
further doubled through the use of a 
compandor in the channel. Use of a 
ring-type channd modulator, with its 
added 25 db of balance to such products, 
greatly reduces such troubles. Much of 
the time spent in devdopment of modula¬ 
tor circuits is expended on some such un¬ 
predicted occurrences. 

Group Modulation Design 
Considerations 

A primary consideration in the design 
of group modulator circuits is to choose 
the frequency allocation so that the input 
frequency band will not overlap the out¬ 
put band, either through direct transmis¬ 
sion or through modulation on any har¬ 
monic of the carrier. Invariably de¬ 
signers require the output band to be dis¬ 
placed with respect to the input band be¬ 
cause of inability to hold more than about 
25 db of balance in the modulator over 
the total input signal band. Likewise, 
lower side-band group modulators are 
generally used because they automatically 
result in nonoverlapping bands through 
modulation on harmonics of the carrier. 


With compandors, stacking of numbers 
of varistors in the bridge arms, along with 
careful matching in the selection process 
and further balancing by potentiometer 
means, effective balances of 60 or 70 db 
may be obtained in germanium modula¬ 
tors without these precautions. 

To obtain good balance in group modu¬ 
lators another factor must be watched 
carefully: spurious harmonics of the 
carrier must be kept from the carrier 
supply branches. It is a safe universal 
rule that spurious side bands on a spu¬ 
rious carrier in the carrier supply branch 
will have a magnitude at the side-band 
output branch of the modulator reduced 
below the magnitude of the wanted side¬ 
band output by the same number of db 
that the spurious carrier is below the 
wanted carrier. This can be proved in 
simple mathematical terms. An output 
side band on the third harmonic of the 
carrier (3/ c =•=/„) is one-third of the ampli¬ 
tude of the wanted side band (/ c ±/„). 
Side bands on third-order combinations 
of the carrier in the carrier supply branch 
are 2/ c ±/ 4 ±/„ and (2X.dc or zero fre¬ 
quency =fc/ s ±/ 8 ) =/ s =t/„. Their ampli¬ 
tudes are related to the third harmonic 
and fundamental side bands by the 
following approximations: 

Amplitude of fundamental side band: k 
Amplitude of third harmonic side band: k/Z 
Amplitude of third-order side band: kX 
Cg/C where C is the carrier amplitude and 
C s the spurious carrier amplitude 

Until recently the use of ring modula¬ 
tors was quite satisfactory in modulation 
performance where copper oxide was used. 
The use of germanium group modulators 
of the ring type encountered poor modula¬ 
tion performance and high noise relative 
to copper-oxide types. Noise nearly equal 
to that expected from thermal contribu¬ 
tions was experienced with copper-oxide 
types, while germanium types were 10 to 
15 db more noisy. Noise performance 
curves are shown in Fig. 9 for several 


Fig. 8. Overload- 
ins effects on the 
regulating signal in 
the channel modula¬ 
tor caused by high- 
level speech signals 
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Fig. 9 (above). Comparison of modulator noise performance using ger¬ 
manium diodes 

Fig. 10 (right). Comparison of modulators from a distortion standpoint 


types of modulator units from germanium 
suppliers. Also shown is noise perform¬ 



ance with the Appert modulator cir¬ 
cuit. 2 In Fig. 10 modulation perform¬ 
ance with copper-oxide and germanium 
ring modulators is shown under quite 
comparable carrier supply conditions. 
Neither noise nor modulation perform¬ 
ance could be made satisfactory in ger¬ 
manium modulators at the signal levels 
found satisfactory in copper-oxide units. 
Germanium modulator arrangements of 
the type shown in Fig. 10, with high re¬ 
sistances in the carrier supply branches, 
result in much improved modulation per¬ 
formance and lower noise. The lower 
noise results from the fact that the carrier 
does not have to be raised to such high 
levels for adequate modulation perform¬ 
ance. A modulator arrangement of 
this type gains its low-distortion advan¬ 
tage from the fact that the current flow 
from the carrier is maintained at nearly 
constant value due to the high series re¬ 
sistors, and the varistor resistances stay 
at values set by the carrier regardless of 
the loading effects of the speech signals. 
Also, dining those portions of the carrier 
cycle when the carrier maintains the 
diodes in blocked operation, signal ef¬ 
fects in unblocking the diodes are offset 
by the fact that the full carrier source 
voltage appears across the diodes. Such 
carrier blocking voltages will ordinarily 
be at least 10 times the magnitude of those 
in ring modulators. In effect, the carrier 
is enabled to control the opening and 
closing of the diode gates with less inter¬ 
ference from the signal frequency, and 
less distortion results. 

In both channel and ring-type modula¬ 
tors it has been common to base design 
on a carrier balance between the carrier 
branch and the output signaling branch 
to result in a carrier leak approximately 


40 db below the input carrier power. At 
least 12 db of this balance figure are in¬ 
herent in the bridge structure used; hence 
a 40-db balance does not reflect a closer 
control of diode characteristics than about 
5 per cent. With the, Appert modulator 
circuit and the same degree of varistor 
selection, carrier balances are improved 10 
to 15 db. This results from the greater 
uniformity of diode impedance and 
match inherent with carrier current held 
constant in the bridge arms. 

Exceedingly good frequency charac¬ 
teristics are obtained with germanium 
modulators and associated filters and 
amplifiers. Fig. 11 shows a characteristic 
of a frequency-converting repeater for 
cable circuits with a 24-channel input 
band from 40 to 140 kc and an output 
band from 164 to 264 kc. The trans¬ 
mission variation of earlier copper-oxide 
types has been largely eliminated. No 
equalization was necessary other than 
that required for the comers of the filters 
used. 

Some of the more recent systems with 
frequency-frogging repeaters using group 
modulators have a great many high-level 
tones sent steadily along with the trans¬ 
mission bands. These are either carriers 
for double-side-band transmission or tones 
associated with on-off or frequency-shift 
versions of signaling. The tendency to 
produce high magnitudes of third-order 
tones or interfering side bands in a par¬ 
ticular channel is greatly aggravated 
compared to systems with low-level tone 
operation. This problem is further ag¬ 
gravated in systems using large numbers 
of repeaters in tandem where such third- 
order side-band interference adds in 
phase or on a voltage basis with the 
number of repeaters. As an example, a 


system with 10 transmitted tones in one 
repeater would produce side-band inter¬ 
ference amplitudes from a particular chan¬ 
nel into another approximately 10 to 20 
db greater than with only one tone pres¬ 
ent, and 10 such repeaters would further 
increase this modulation interference 
another 20 db. Both compandors and 
carefully controlled levels through the 
modulators and associated amplifiers 
have been found necessary in systems 
using such repeaters to keep the design 
under reasonable control. 

Diode Selection for Modulator Use 

One hesitates to describe a particular 
type of diode selection for a particular 
modulator use because of the variation 
in the source of supply and in the use of 
the particular modulators. In most in¬ 
stances diode selection for modulators is 
made by measuring the current at a par¬ 
ticular voltage and binning diodes into 
groups with standard selection ranges. A 
balanced modulator is made by using 
four diodes from a particular bin. A 
distribution of diodes at a particular 
time at the Lenkurt Electric Company, 
Inc., is shown in Fig. 12. The diodes 
in the most concentrated area are chosen 
and used with other selections at a 
second current point for variolossers in 
compandor circuits. Such 2-point selec¬ 
tion has resulted in very good uniformity 
of characteristics for this application. 
The great difficulty with this procedure 
is that manufacturers tend to remove the 
most uniform of the diodes to sell at pre¬ 
mium prices in special customer applica¬ 
tions. This spreads the distribution of 
diodes abnormally so that the event ual 
user no longer finds a high concentration 
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of good performance diodes near the aver¬ 
age characteristic. It appears that the 
only sure way of getting a high quantity 
of well-matched diodes in the most desira¬ 
ble operating areas is to have the manu¬ 
facturers sdect such diodes at the source 
of manufacture. 

Flow of Modulation Products 

In shunt, series, or ring-type modula¬ 
tors, a knowledge of the paths for flow of 
modulation products is an essential part 
of the design. Fig. 13 shows such modu¬ 
lation flow in a ring modulator. The 
basis for this direction of flow of modula¬ 
tion products is simply derived. The 
direction of input voice signal and carrier 
branch signal is assumed at a particular 
instant of time, as shown by arrows. 
The current-voltage relationship in each 
diode of the bridge is represented by a 
power series as shown in the figure. The 
resulting direction of flow of modulation 
product currents in each arm of the 
bridge is shown by the arrows. It is a 
simple matter to see, from the direction 
of current flow for each class of modula¬ 
tion product, into which branches of the 
array the various classes fall. 

The power series approach and deriva¬ 
tion of branch distribution of modulation 
products also make it simple to determine 
the effectiveness of balancing potentiom¬ 
eters to balance classes of modulation 
products from the four important modula¬ 
tor branches, namely the input and out¬ 
put signal branches, the carrier supply 
branch, and the ring. These potentiom¬ 
eters are indicated in the circuit dia¬ 
gram of Fig. 13. The potentiometer at 
A balances the carrier and all products of 
the n 0 c±n e v class from the output signal 


branch. Likewise, it balances all prod¬ 
ucts of the n 0 cdtn 0 v class from the carrier 
branch. It has no effect on balancing 
the input signals from the ouput branch. 
Likewise, the potentiometer at B balances 
the output branch signal of the n 0 c±n 0 v 
class from the input signal branch, and 
vice versa. A potentiometer at D bal¬ 
ances carrier branch classes of products 
from the input signal branch, and vice 
versa. 

Conclusion 

It has not been possible to describe in a 
paper of this length the modulator prob¬ 
lems associated with diverse devices such 


as compandors, varistor keyers, and 
various signalling and telegraph arrange¬ 
ments. In these areas, too, there are 
many design problems of a practical na¬ 
ture that it would be of interest to de¬ 
scribe. 

Another area where a great deal of un¬ 
explored circuitry lies is in the realm 
of phase modulators or modulators where 
varying magnitudes of phase shift are 
put into the input signal brandies and the 
carrier branches, to end in elimination of 
the unwanted side band by other than 
filter means or otherwise to obtain unusual 
operating characteristics. Many varie¬ 
ties of this type of modulator circuitry 
could be used to gain system advantage. 
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Modulators ultimately reach a limit of 
usability because of the difficulties and 
cost of the associated filter circuitry. 
Further avenues are opened with the 
phase modulators, and it is hoped that this 
may be the path of further exploratory 
work. 
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No Discussion 


Measurement of the Quality Factor of 
Inductor Cores 


CHANDLER STEWART 

NONMEMBER AIEE 


Requirement for a New Test Method 


T HE Engineer Research and Develop¬ 
ment Laboratories (ERDL), Fort 
Belvoir, Va., have encountered, in con¬ 
nection with investigations into the effect 
of electrical component characteristics on 
the performance of various army equip¬ 
ment, a requirement for information on 
the electrical properties of low-loss core 
materials at low flux densities. 

In particular, the effect of temperature 
on permeability and quality factor Q m 
is required for application to adjustable 
differential transformers with close phase- 
shift tolerances. In addition to this in¬ 
formation, the effects of temperature 
on saturation characteristics are required 
for application to a low phase-shift elec¬ 
trically controlled audio-frequency vari¬ 
ometer. 

A review of the literature reveals only 
three basic types of core loss measure¬ 
ments: 


1. Relative Q. Measurement of the total 
loss, or Qt, of an inductor wound around 
the test sample. This method gives relative 
data only and is in general use for evaluating 
powdered iron and ferrite cores for radio 
and television use. Since one of the re¬ 
quirements is for the numerical value of 
the core Qm, this test is inadequate. 

2. Subtraction of copper losses. De¬ 
termination of Q m by self-impedance meas¬ 
urements 1 * magnifies the experimental 
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errors, as shown in the Appendix. In 
cases of very high Qm the results may be 
worthless. Also, this method imposes the 
practical difficulty of winding a very large 
amount of wire on each test sample. 

3. Wattmeter. In the Epstein test* the 
core loss is indicated on a low power factor 
wattmeter. The current coil is in series 
with the primary winding of the test trans¬ 
former and the potential coil is across the 
secondary winding. Such a method gives 
satisfactory results only within the cali¬ 
brated frequency range of the wattmeter 
and then only for relatively low values of 
Qm* 

Determining Core Properties by 
Mutual Impedance Measurement 

Because of these limitations it became 
necessary to devise a new method of 
measurement. By inspection of the exact 
equivalent circuit of a transformer it can 
be seen that the mutual impedance is 
determined by the core loss and permea¬ 
bility and is unaffected by copper losses 
and leakage reactances. Therefore, if 
two coils having negligible winding capac¬ 
itance are put on the core sample, the 
core properties can be determined from 
mutual impedance measurements, re¬ 
gardless of the copper losses. For this 
purpose several mutual inductance bridge 
circuits were analyzed, as shown in the 
Appendix, with the following results. 

The Campbell bridge 6 (see Fig. 1) is 
subject to the same error magnification as 
is the method of subtraction of copper 
losses, which makes it unsatisfactory for 
this application. 

The Carey Foster bridge 6 (see Fig. 2) 
must be modified by insertion of a resistor 
Rp>QmV>L P . The lack of a common 
ground for the detector and generator re¬ 
quires either a bridge transformer, in¬ 
volving consideration of magnetic shield¬ 


ing and interwinding capacity, or a Wag¬ 
ner ground, with its attendant operating 
difficulties. A separate measurement of 
primary impedance is required, which 
limits the over-all accuracy, especially 
when the effect of direct current on the 
core is being observed. For these reasons 
this bridge was not used. 

The Felid bridge 6 must be modified to 
provide a loss adjustment, such as shown 
in Fig. 3. Also, a bridge transformer or 
Wagner ground is required. The gen¬ 
erator, bridge transformer, and core 
sample test transformer must all be well 
shielded to avoid stray coupling with the 
variable inductor, which must neces¬ 
sarily be unshielded and develop a large 
external field. Also, the variable induc¬ 
tor must be carefully located to avoid 
eddy-current losses and pickup of noise 
from power-line harmonics. Similarly 
constructed and with similar limitations 
is the bridge described by Campbell. 7 

The ERDL Mutual Inductance Bridge 

To avoid these limitations a new bridge 
circuit, shown in Fig. 4, was developed. 
An analysis of this circuit is given in the 
Appendix. It was found convenient to 
employ ring samples about 1 to 2 inches in 
diameter. The biasing field is 

Hoc “0.495 /l\ oersteds 

The a-c field is 



Fig. 1. Campbell bridge 
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Kac ™0.495 Ip(N i— Ni) /k oersteds 
The core properties are given by 
M “/xM Ci+ Q3.19 X10-" NxN* 
and 



This bridge offers the following advan¬ 
tages: 

1. So long as the Q of Ci is at least three 
times Qm (easily achieved in high-quality 
mica or polystyrene capacitors), and Ci is 
several times as large as Ct, there is neg¬ 
ligible magnification of errors. 

2. Accuracy is limited only by the calibra¬ 
tions of resistors and capacitors, which are 
generally superior to those of inductors, 
especially if the latter employ iron cores. 

3. Since no bridge transformer or inductors 
are used, there is no stray magnetic in¬ 
duction problem or noise pickup problem. 
As in any bridge, however, tests at ex¬ 
tremely low levels may dictate the use of a 
step-up input transformer in the null 
detector to bring the null signal above 
shot noise in the first stage of the null 
detector. 

4. The windings on the core sample may 
be very skimpy and easily put on by hand. 
For a 1,000-cyde test 100 turns would be 
typical. 

6. The core sample winding wire gauge 
may be selected purely for mechanical 
convenience, since the resistance of the wire 
is not involved. 

Measurements Results 

As a rough check on the over-all opera¬ 
tion of the ERDL mutual inductance 
bridge, the results were compared with 
data from other sources as in the follow¬ 
ing. 

Molybdenum permalloy dust core, /x= 
125, Q at 1,000 cycles: 

1. Computed from data by Legg and 
Given,* 1,020 


2. Reported by Arnold Engineering Com¬ 
pany, Marengo, Ill., Qm=600 to 800 

3. ERDL mutual inductance bridge, Qm ™ 
730 

General radio variable inductor, type 
107, Q at 1,000 cycles: 

1. Theoretical Q, neglecting eddy currents 
in metal parts and neighboring metal, 
Qm=> «• 

2. ERDL mutual inductance bridge, Qm a 
800 

(It was noted that this Q depended upon 
the location of the inductor, and it is there¬ 


fore assumed that the result would have 
been much higher if the measurement were 
made with the inductor located in a position 
further removed from surrounding metallic 
objects.) 

Table I summarizes the results of 
measurements on a number of core speci¬ 
mens. 

Conclusions 

Measurement of magnetic core quality 
factor by the mutual impedance bridge 
described here offers more accuracy and 


Nomenclature 


a ™core sample cross-sectional area, square 
inches 

B m ™mutual susceptance of test trans¬ 
former, mhos 

Ci, Ct, Cb “bridge arm capacitors, farads 
Di, D% ™dissipation factors of C\ and Ct 
respectively 

22**= voltage induced in secondary winding 
Ei “ voltage across C* 

Gm => mutual conductance of test trans¬ 
former, mhos 

Hag ™a-c field level, oersteds 
Hno =core sample biasing field, oersteds 
Jz»c=biasing current, amperes 
Ip =primary alternating current, amperes 
li=»mean magnetic path length around core 
sample, inches 

L— self-inductance of test inductor, henrys 
Lb abridge arm inductance, henrys 
Lp= test transformer primary inductance, 
henrys 

AT—test transformer mutual inductance, 
henrys 

Nu Nt— number of turns on primary wind¬ 
ing and secondary winding re¬ 
spectively 

Po=* percentage error of experimental ob¬ 
servation 

Pn=* percentage error of computed result 


Qd “quality factor of bridge arm in¬ 
ductance = u>Ld/Rd 

Q m ** effective core sample quality factor™ 


caM/Rn 


\G m \ 

2p*= quality factor of test transformer 
primary “ caLp/Rp 

2t ™ coL/Rt 

Ra, Rb, Pi “bridge arm resistors, ohms 

Rd— a-c resistance of bridge arm inductor, 
ohms 

Rcu** winding resistance of test inductor 
attributable to copper losses 6nly, 
ohms 

mutual resistance of test transformer, 
ohms 

Rp “total effective resistance o‘f transformer 
primary winding, ohms 

Rt “total effective resistance of test in¬ 
ductor including coupled core losses 

XT rtf 


former=mhos 
p=effective a-c permeability of core sample 
a ™ test frequency, radians per second 
Note: Qm is the real quality factor of the 
material if the core has no air gap. 
H is the real permeability of the 
material if the' core has no air gap. 
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Fij. 4. ERDL mutual Inductance bridge 


convenience than other methods in 
general use. 

^RaIp RbLd 

Ra-\-Rb 

(S) 


and 


Appendix 

Core Testing by Self-Impedance 
Measurements 

n , RaRp—RbRb 

Then, by definition of Q m 
equations 5 and 6 

(6) 

and from 


The Carey Foster Bridge 

This type of mutual inductance bridge 0 
is shown in Fig. 2. For cases where mut ual 
resistance cannot be neglected, the balance 
equations are 


M=R 

(Ra +-&b) S +1/w 2 Cj8° 

and 


(ID 


R — R (Ra+Rb)Rp —Lp/Cb 
( Ra +J?a) M-1 /«*£#* 
from which, by definition of Q m 

q u 1+&> GbCRa+Rb) Qp 
<*Cb(Ra+Rb)-Qp 


( 12 ) 

(13) 


If the errors in a determination of Q m by 
this bridge are attributed to errors in 
measuring Qp, the percentage error can be 
statistically analyzed 9 - 10 with the following 
result 


P* 

Po 


QmQp 


(!+&»-*) 

(1+Cp*> 


(14) 


Inspection of equation 14 shows that the 
errors are greatly magnified unless 


Qp<l/Q m (IS) 

which requires that R P be enlarged arti¬ 
ficially by an additional bridge arm. Under 
such conditions, the Carey Foster bridge 
should be satisfactory for magnetic core 
testing. Its accuracy is limited by the 
errors in measurement of Lp and by the 
stability of Lp. It was not used in this 
investigation, however, because of problems 
arising from inability to connect the 
generator and detector to a common ground. 


The core loss is found by subtracting the 
losses of the coil alone from the losses of 
the coil with the core in place. 1- * The 
quality factor can be obtained from im¬ 
pedance bridge measurements by 

1 1 Rcu 

Qm Qt uL ^ 

The percentage error in such a measure¬ 
ment can be estimated from statistics 0 ' 10 
as follows 

Pa f-Po 2 , WW 1 V * 

QmLQr* + ( coL )° J 

Since 


Q 1—RbLd/RaLp 

1 /Qp —RbLd/RaLp X 1/Qd ' 

Since the magnetic loss must be lesi 
than the total loss 

Qm>Qp (8; 

Assuming that experimental errors occtu 
only in the values of L D , L P , Q P , and Q Dl 
it is found that a statistical analysis 9 * 10 ol 
the probable error of equation 7 gives the 
following 

£« = V(Qm-Qp)*+(Q m -Q D )* f) 

P ° Qb-Qp K J 


Qm»Qr ( 3 ) 

equation 2 can be approximated as 
Ps='\/2QmP o/Qt (4) 

Since Qm is often, in practice, from 10 
to 100 times Qt, the self-impedance meas¬ 
urements method of Q m determination 
seriously magnifies the experimental errors. 
Likewise, the method imposes the in¬ 
convenience of requiring a large winding to 
maintain a high value of Q t . 

The Campbell Bridge 

For the Campbell mutual inductance 
bridge, 0 shown in Fig. 1, the following 
balance equations apply 


Inspection of equation 9 shows that the 
resulting error will be prohibitive unless 
either Qd or Qp is reduced well below the 
value of the other. Reducing Qp is the 
more, convenient, since this also reduces 
the size of the primary winding and con¬ 
sequently reduces the work involved in 
preparing each test sample. If Q P is 
reduced sufficiently, the following ap¬ 
proximation of equation 9 can be based on 
equation 8 



( 10 ) 


This equation is similar to equation 4 and 
hence the error magnification in the Camp¬ 
bell bridge is similar to that incurred in 
self-impedance tests. 


Modified Felici Bridge i 

The Felici bridge as described in the 
literature 6 is not generally capable of an 
exact balance since there is no provision 
for loss compensation, there being only one 
bridge arm. A modified form of this 
bridge, incorporating such an additional 
adjustment, is shown in Fig. 3. For 
circuit, when 

Rp»Ri (16) 

the mutual inductance of the transformer 
equals that of the variable inductor, and 

Qm =u>MRp/RiR 2 ( 17 ) 

Statistical analysis 9 - 10 of this equation 
(under the assumption that to, R P , R u and 
Rn can be read much more accurately thgn 
M) shows no error magnification. The 
greatest practical source of error arises 
from the large external field set up by com¬ 
mercially available variable inductors, which 
induces eddy currents in neighboring 
metallic objects in an unpredictable man¬ 
ner. An additional disadvantage is the 
extremely strong noise signal picked up by 
the variable inductor, mainly from power¬ 
line harmonics. i 


ERDL Mutual Inductance Bridge 

This circuit, shown in Fig. 4, was de¬ 
veloped for this investigation. 
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Table I. Measurements of Magnetic Properties of Cores" 1 


Material and Sample No. 


Test 
Method f 
at +70 
Degrees 
Fahren¬ 
heit 


A-C Level 
Hac, 
Oersteds 
X10« 


Dissipation 
Factor (1/Qm) 
X10* at 
1,000 Cycles 
per Second 
(Hdo = 0) 


Normal 
Permeability 
p(Hdo " 0) 


D-C Biasing 
Field Hdo 
to Reduce n 
50 Per Cent, 
Oersteds 


Dissipation 
Factor (l/2m> 
X10* at 50- 
Per-Cent n 
<ma = ft/2)§ 


Description of Material 


Ceramic B . 

....D . 

... 0.3 .... 

... 4.6.. 

Ceramic E . 

... .D . 

... 0.2 .... 

... 7.4.. 


_ A . 

... 0.3 _ 

... 9.3.. 

Ceramic H . 

... .D . 

... 0.7 .... 

... 10,0.. 

Ceramic J . 

....D. 

... 0.03.... 

... 6.6.. 

Ceramic F4S . 

... ,D . 

... 0.09.... 

... 6.1.. 


_ D . 

... 10 _ 

... 7.3.. 

Ceramic F-27S . 

... .D . 

... 0.04.... 

... .14.0.. 

Ceramic F-73 (Lavite).... 

... .D . 

... 0.3 .... 

... 12.8.. 

Ceramic 52V. 

....A . 

... 1.0 .... 

... 6.3.. 

Powdered iron M . 

....A . 

... 2.6 .... 

... 14.3.. 

Ferrite 3M .. 

... .D . 

... 0.15.... 

... 2.0.. 


_ D . 

... 0.2 _ 

... 1.4.. 

Ferrite 3CA . 

... .D . 

... 0.15.... 

... 1.5.. 


Dt • • • 

... 0.15.... 

... 1.0.. 

Ferrite 3CB . 

....£>. 

... 0.15.... 

... 1.6.. 


Dt... 

... 0.15.... 

... 1.1.. 

Ferrite 3CF . 

...D . 

... 0.21.... 

... 5.2.. 

Ferrite 3CG . 

....D . 

... 0.21.... 

... 5.3.. 

Ferrite 3CM . 

.... D . 

... 0.37.... 

... 1.3.. 

Supermalloy A . 

. ...2B. 

... 0.15.... 

...156.0.. 


Bt . 

... 0.15.... 

... 67.0.. 


A . 

... 0.5 .... 

...154.0 

Superinalloy B . 

. B . 

... 0.2 .... 

.. .147.0.. 


B% . 

... 0.2 .... 

... 91.0.. 


_ B . 

... 0.08_ 

...455 .. 


Bt . 

... 0.08.... 

... 185 .. 

Mo-Permalloy A . 

. B . 

... 0.44.... 

... 44.5.. 


Bt . 

... 0.44.... 

... 41.6.. 

Mo-Permalloy B . 

. B . 

... 0.17.... 

... 52.6.. 


Bt . 

... 0.17.... 

... 52.6.. 

Mo-Permalloy D . 

. D . 

... 0.4 .... 

_ 28.3.. 


Deltamax. D . 0.09 

Deltamax A . ... D . 0.11 


Deltamax C . D . 0.10 

Deltamax C . D . 0.16 


Deltamax C. D . 

Dt . 


80...toroid 

570 >1.0. >7.4.toroid 

400.toroid 

485.>1.0.>10.0.toroid 

110.>2.5 >17.0.toroid 

430. 2.2 5.8.toroid 

145.>2.0.>14.0.toroid 

450.toroid 

370. 0.4 5.0...toroid 

310.J5-type core with air gap 

6.1.>8.0 .pot core with air gap 

,200.toroid 

.toroid 

870.toroid 

940 

,350.toroid 

,420 

885.toroid 

700.toroid 

850.toroid 


0.01. 160 .toroid-tape wound 

1 mil 


.toroid-tape wound; 

. 1 mil 

.toroid-tape wound 

2 mils 

26 toroid-tape wound 

1 mil 

.toroid-tape wound 

2 mils 

.toroid-tape wound 

1 mil 


0 no 

7 4.. 

495. 

.toroid-tape wound; 

tape thickness 

0 ii 

fl 2 

475. 

1 mil 

tape thickness 

n in 

7 4 

415. 

1 mil 

tape thickness 

n in 

R 4. . 

424. 

1 mil 

tape thickness 

2 o 

17.3 _ 

... 480. 

1 mil 

tape thickness 

2.0. 

0 T3 

_21.2. 

17 ft... 

... 385 

015. 

1 mil 

tape thickness 

9 . 0 

ftfi 7 

700. 

1 mil 

tape thickness 



59ft. 




1 ft 

104. 




1 7 

113. 



1.6 . 

3.4. 

_ 1.7. 

.... 1.9. 

114 

33 . 




tape thickness 

tape thickness 
tape thickness 
tape thickness 
tape thickness 
tape thickness 


* All cores assumed to have no residual magnetism. 

t Test method A, Maxwell bridge; B, Owen bridge; D, ERDL mutual inductance bridge, 
t Measurement made at —60 degrees Fahrenheit. 

5 MA = incremental permeability. 


E _ (Dt-j)(D 2 -j)Ip _ 

3 * «*gc 2 [Ki+(z>i -j)/*<h+(Dt -j) /«cy 

(18) 

Et - I P /Y m (19) 

For a null balance 

E2=£ 3 (20) 

Thus, equating equations 18 and 19 
Ym ~ Gm 
where 

[i?! « 2 CiG(l -DtDi) -«GA(1+A a ) - 

_ ttCsW + Pl 8 )] 

w== l+iDiDJ'+DS+Df 

(21 A) 

co( Ci+ Q( 1 —D 1 D 2 ) +i?ico 2 CiG(A4- 
Dx) +<o CMDi+Dd +o>C i Di(Di+Dt) 

Bm= * l+iDiD^+DS+Dt* 


Z>i«l 


Z>2«1 

it is found that 


Ym^iRi^GiCi—uCiDi—uCiDz> -j[wCi+ 
0)C2+f?lW*ClC2(i?I + D2)] (24) 

From equation 24, by definition 


o>Ci+coG+^ 2 GG(A+I> 2 ) 

Qm ~ R^CiCn-uCiDx-uCzDi ^ 


G»G (27) 

equation 26 can be approximated from 


equations 22 and 23 as 

0 ~ -W+l/G— (28) 

^^uRiO—Di/aRiCi) 

Since in practice the following^equation 
should be made 

jDi<<ct)2?iG (29) 

equation 28 can be very roughly approxi¬ 
mated as 

Qm^l/uRiCz (30) 

from which can be further 

approximated as 

(31) 


C 1 +C 2 +- 


In practice 

Qm» 1 ( 32 > 

and from equations 22, 23, and 27 equation 
31 can be approximated with good accuracy 
as 

M=l/«*(Ci+G) (33) 
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In an analysis of probable error 9 - 10 in 
the value of Q m computed from equation 
28, Di can be assumed to be the exclusive 
source of experimental error, since os, R u 
Cu and Cs are able to be determined much 
more accurately than D u This gives 

Pr _ PoA 

Qm (34) 

Ci 

Substituting equation 26 into equation 
34 gives 

P^-P, / (~~ 1 ) (35) 

Inspection of equations 30 and 35 shows 
that no appreciable magnification of errors 
occurs so long as 


A«1 /Q m (36) 

as shown also by equation 34. 
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Radio Transmission of Narrow-Band 
Mobile Radio Systems at 40 Megacycles 

C. R. KRAUS W. G. CHANEY A. T. STEELMAN 

MEMBER AIEE NONMEMBER AIEE ASSOCIATE MEMBER AIEE 


M OBILE radio equipment manufac¬ 
tured in the period ’from 1946 to 
1950 was designed for a 120-kc nhannpi 
allocation in the 40-megacyde (me) band. 
The receivers used with these sys¬ 
tems had poor selectivity characteristics 
by today's standards and are now 
referred to as “extra-wide-band” re¬ 
ceivers. As mobile radio service ex¬ 
panded and the demand for frequency 
allocations increased, the inefficiency of 
this bandwidth assignment became evi¬ 
dent. Accordingly the channel allocation 
was reduced to 40 kc, thus tripling the 
available number of frequency assign¬ 
ments. Initially, the Federal Communi¬ 
cations Commission made assignments on 
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an alternate-channel basis so as to allow 
80-kc frequency spread between stations 
in the same geographical area. How¬ 
ever, by 1951 most manufacturers were 
supplying equipment capable of working 
in a 40-kc channel assignment without 
being affected by systems on adjacent 
c hanne ls. Currently, receiver design has 
progressed to the point where 20-kc 
channel allocations, split-channel opera¬ 
tion, appear to be feasible, and uni ts of 
this type have been manufactured and 
placed in service. 

Technical literature, based largely on 
laboratory tests and theoretical computa¬ 
tions, has compared favorably the per¬ 
formance of the narrow- and wide-band 
sets. Nevertheless, in practice, the intro¬ 
duction of narrow-band sets into existing 
systems comprised of extra-wide-band 
equipment caused immediate adverse 
comment from the operating personnel. 
In disagreement with the cla ims m ade by 
advocates of split-channel operation, sur¬ 
veys brought out the fact that the new 
units produced a reduction in operating 
radius and posed serious problems in the 
case of systems which cover large geo¬ 
graphical areas and serve mobile units 
moving at high speeds on busy highways. 
It was obvious that the problem could not 
be side-stepped merely by avoiding the 
use of narrow-band sets. Instead, system 


design would have to compensate for the 
shortcomings of the new equipments 
which were forced into service by the need 
for additional frequency assignments. 
Unfortunately, neither the literature nor 
the early surveys gave any indication of 
the magnitude of the degradation intro¬ 
duced. 

Because the field design engineer must 
deal both with new systems and with the 
expansion of existing systems, it was im¬ 
perative that quantitative answers be 
found for two basic questions: 

1. What is the comparative coverage of 
homogeneous extra-wide-band mobile radio 
systems and narrow-band mobile radio sys¬ 
tems of the same power rating? 

2. What is the comparative coverage of 
extra-wide-band and narrow-band units in a 
predominantly extra-wide-band system? 

Because available technical literature 
did not answer these questions in terms 


3700 FEET 



Fig. 1. Block diagram of test arrangements 


A—Base transmitter arranged for control of 
modulation by means of deviation limiters 
B—Mobile unit equipped with six different 
receivers and a coaxial switch to connect each 
receiver in turn to antenna and speaker 
P Variable pad to adjust radiated power of 
transmitter over a range of 80 db in 2-db steps 
S—-Speaker output of receivers 
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Table I. Receivers Used in Test Car 


Receivers 

Year 

Manu¬ 

factured 

Manu¬ 

facturer 

Extra-wide-band. 

.. 1946 

A 

Extra-wide-band. 

.. 1962 

. A 

Wide-band (40-kc system).... 

.. 1962 

A 

Wide-band (40-kc system)- 

.. 1962 

B 

Narrow-band (20-kc system).. 

.. 1952 

A 

Narrow-band (20-kc system).. 

.. 1962 

. B 


of field conditions which include the pres¬ 
ence of impulse noise from motor vehicle 
sources, it was decided that field tests 
were required. Tests were therefore con¬ 
ducted at Dover, Del., in April and May 
1953 and at Gettysburg, Pa., in June 1953. 
The program of the tests was arranged 
primarily to provide answers to the two 
basic questions, but certain related fac¬ 
tors such as the effect of frequency drift 
on the narrow-band receivers and the 
choice of frequency deviation for trans¬ 
mitters serving more than one type of re¬ 
ceiver simultaneously were also investi¬ 
gated. 

Subsequent to the work at Dover and 
Gettysburg, it was learned that a special 
subcommittee of the Joint Technical Ad¬ 
visory Committee had submitted a report 
on “Land-Mobile Channeling Arrange¬ 
ments.” The report was primarily con¬ 
cerned with the 150-mc and 450-mc bands, 
making no mention of the 40-mc band. 



However, in spite of the frequency dif¬ 
ferences,. the results are in dose agree 
ment on major points. 

Description of Tests 

Technical Considerations 

The basic problem of the radio engineer 
designing a mobile radio system is to select 
equipment which will provide satisfactory 
coverage over a prescribed area. This re¬ 
quires that the received signal level at 
the mobile unit and at the base station 
be computed with reasonable accuracy. 
Two additional factors which may reduce 
the effectiveness of radio transmission 
must be taken into account: the amount 
of noise present at the receiver and the 
amount of distortion introduced by the 
system. 

If purely random noise is encountered 
by a radio receiver, a relatively narrow 
bandwidth is acceptable and the receiver 
with the narrower bandwidth may give 
equal or better performance. In prac¬ 
tice, a mobile receiver is exposed to im¬ 
pulse (nonrandom) noise arising in the 
vehicle or originating in near-by vehicles. 
Under such noise conditions with narrow- 
band receivers, if the bandwidth is re¬ 
duced by the use of sharp cutoff filters the 
reception is impaired. Distortion is also 
introduced if a narrow-band receiver is 
used with a transmitted signal which ex¬ 
ceeds its bandwidth capabilities. 

The operating quality of a radio circuit, 
as determined by the received signal levd 
and the noise-plus-distortion impairment, 
is generally defined in terms of circuit 
merit. The circuit merit rating system 
gives an arbitrary breakdown of five cate¬ 
gories in which a particular transmission 
may be classified, defined as follows: 

Circuit Merit 5 (CM5): No noise or distor¬ 
tion discernable; nearly perfect trans¬ 
mission. 

Circuit Merit 4 (CM4): Some background 
noise; audio quality good. 

Circuit Merit 3 (CM3): Obvious back¬ 
ground noise and possible distortion; trans¬ 
mission understandable. 

Circuit Merit 2 (CM2): Heavy noise; 
transmission barely usable. 

Circuit Merit 1 (CM1); Noise controlling; 
transmission impossible. 

Over ideal terrain, the quality of trans¬ 
mission is gradually reduced as the dis¬ 
tance from the transmitter increases. 
Under such conditions, it would be diffi¬ 
cult to define the boundaries of individual 
circuit merit limits. However, the shad¬ 
owing effect of terrain features nor¬ 
mally causes rather abrupt changes from 
one circuit merit rating to another and 



Fig. 3. Comparison of extra-wide, wide-, and 
narrow-band systems in the absence of impulse 
noise 
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Fig. 4. Circuit merit versus receiver input for 
various trials in the absence of impulse noise 




Fig. 5. Comparison of extra-wide, wide-, and 
narrow-band systems under moderate noise 
conditions (limit of CM3) 
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Fig. 6. Effect of mixing extra-wide, wide-, 
and narrow-band equipment in the absence of 
impulse noise 
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Fjg. 7. Effect of mixing, extra-wide/ wide-, 
and narrow-band equipment under moderate 
noise conditions 

trained observers are able to rate individ¬ 
ual transmissions with a high degree of 
consistency. 

Mobile radio systems are designed 
sometimes on the basis of coverage to the 
limits of CM3 and sometimes on the basis 
of coverage to limits of CM2. In case 
the system is used entirely by experienced 
personnel, the system operator may be 
willing to accept poorer transmission in 
return for increased coverage. 

Testing Procedure 

To evaluate receiver differences under 
controlled field conditions, the 1946 extra- 
wide-band Motorola receiver was chosen 
as a reference standard. This set is now 
out of production, but is typical of a large 
number of sets which are in operation, 
which are providing excellent service,' 
and for which there has been considerable 
experience with the relation of the com¬ 
puted to the measured coverage. The 
test vehicle was equipped with this refer¬ 
ence unit and five other receivers and ar¬ 
rangements were made to compare them 
under noise conditions typical of those en¬ 
countered in practice. 

Tests at Dover 

At Dover, a well-shielded base station 
transmitter was set up. Coaxial pads 
were inserted in the antenna transmission 
line to permit the radiated power to be 
adjusted over a range of 80 decibels (db) 
in 2-db steps. Deviation -limiting cir¬ 
cuits were installed and equipment was 
provided to permit continuous monitoring 
of the level of modulation. The mobile 
unit was fixed at a location chosen so that 
a maximum range of circuit merit rating 
could be produced by variation of the 
transmitter radiation. This method of 
operation had the great advantage of dim- 1 

mating uncontrollable variables which ( 
are encountered in the more conventional ( 
moving-car method of operation. Fig. 1 ] 

is a block diagram of the transmitter and i 
receiver arrangements. 2 


The test car was equipped with a co¬ 
axial switch to connect each of the six 
receivers in turn to the antenna. Loud¬ 
speakers were used for all monitoring in 
the test car; the proper speaker was 
selected automatically as each receiver 
was connected to the antenna. The car 
was equipped with rooftop, rear-mount, 
and cowl-mount antennas. The six re¬ 
ceivers used are listed in Table I. 

The quality of received signals was 
judged on a circuit merit basis by a skilled 
observer. Also, during most of the tests 
a second observer recorded the messages 
in order to derive a “per-cent readability” 
for each transmission. Tape recordings 
were made to aid in the analysis of the 
written data. Each trial of the test was 
run as follows: 

1. At the transmitter, the earner frequency 
and the deviation were adjusted. At the 
test car, the antenna, noise condition, and 
battery voltage were selected. 

2. At the transmitter, the pad in the trans¬ 
mission line was adjusted so that the poorest 
receiver in the test car achieved a CM4 rat¬ 
ing. 

3. With the mobile antenna connected to 
the reference receiver, a message consisting 
of nine 2-digit numbers was transmitted. 
In the test car, one observer recorded his 
judgment of the circuit merit and a second 
observer copied the numbers of the message. 

4. A similar transmission was made for 
each of the other receivers in turn. 

6. The transmitted power was reduced 2 
db by the pad and each receiver was again 
rated. 

6. The process was repeated with power 
being reduced in 2-db steps until the best 
receiver received a CM1 rating. 

Sixty-two trials were made in this man¬ 
ner to obtain sufficient data for different 
combinations of the variable factors. 


EXTRA WIDE BAND 


Tests at Gettysburg 

For the Gettysburg tests, the shielded 
transmitter was set up in the Pennsyl¬ 
vania State Police Barracks without pads 
in the antenna transmission line. U. S. 
Route 30, east of Gettysburg, is a straight¬ 
away route from this location over rolling 
terrain. The same test car which was 
used in the Dover tests was used in 
Gettysburg, but, in order to permit quick 
comparisons, only one each of the narrow- 
band, wide-band, and extra-wide-band re¬ 
ceivers was used. Traffic conditions per¬ 
mitted a consistent road speed of 40 miles 
per hour. At this speed, it was possible to 
give circuit merit ratings to the three re¬ 
ceivers every l/10th mile. All runs were 
conducted as follows: 

1. The transmitter deviation was set to the 
proper value. 

2. The test car proceeded away from the 
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base station, the transmitter being modu¬ 
lated continuously with standard sentences. 
In the car, an observer rated the receivers at 
intervals of 1/10th mile until all receivers fell 
below CM2. 

3. The car returned to the base station to 
prepare for the next run. 

This procedure was followed for each 
of three modulation conditions: non¬ 
limited modulation, 15-kc deviation, and 
6-kc deviation. 

Test Results 

Plots were made of the results obtained 
on each receiver for each trial of the 
Dover tests. Fig. 2 shows typical curves 
for three of the receivers in only one of the 
trials. Here both circuit merit and per- 
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impulse noise 


0 



6 KC MAX. DEVIATION 
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end narrow-band equipment under moderate 
noise conditions 


cent readability are plotted against re¬ 
ceiver input power in db. It will be 
noted in Fig. 2 that, although circuit merit 
ratings necessarily plot as points in step 
formation, smooth curves have been 
drawn through average values. By this 
means, a unique point of intersection is 
determined for each curve at each circuit 
merit. The per-cent readability data 
proved to be of little help, chiefly because 


of the relatively abrupt change from 
100-per-cent to 0-per-cent readability. 

Fig. 3, a composite of three different 
trials made during the study, compares 
the extra-wide-band system, the wide¬ 
band system, and the narrow-band system 
in the absence of impulse noise. The 
lowest field strength which gave CM3 
performance in any system was assigned a 
zero db reference value. This figure 
bears out the manufacturers’ claim that 
narrow-band systems compare favorably 
with the older systems under “quiet” 
conditions. Such conditions may be 
found at base station receiver locations, 
but are not typical of motor vehicle 
operation on modern highways. 

The data showing circuit merit read¬ 
ings versus received power input taken 
for the reference receiver during the three 
tests previously described are given in 
Fig. 4. The variations between tests 
were small, indicating that the changes 
in the setup were minor during the period 
of time of the tests. 

In the presence of impulse noise the 
comparisons in Fig. 3 are radically 
changed. On the basis of engineering 
experience, operation of a mobile unit in 
suburban areas on moderately busy high¬ 
ways was simulated by the introduction 
of sufficient impulse noise so that an in¬ 
crease of 12 to 15 db in the transmitter 
radiation with respect to quiet conditions 
was required in order to maintain CM3 
transmission quality with the reference 
receiver. The results of three trials made 
with noise levels in this range are shown 
in Fig. 5. 

Under the moderate noise conditions of 
Fig. 5, both the wide-band and the 
narrow-band sets are seen to be some 8 db 
less sensitive than the reference set. Al¬ 
though Fig. 5 shows nearly identical re- 
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Fig. 13. Effect of off-frequency operation 
with narrow-band receiver 


suits with the wide-band and the narrow- 
band sets at the limit of CM3, it should 
be pointed out that the narrow-band sets 
gave a smaller area of CM4 performance 
than did the wide-band sets. 

Mixing op Units 

Although Figs. 3 and 5 compare the 
various complete systems under the two 
noise conditions, the results obtained 
when narrow-band units are added to an 
existing wide-band or extra-wide-band 
system are of especial concern. The ef¬ 
fect of such mixing in the absence of im¬ 
pulse noise is illustrated in Fig. 6. Fig. 6 
shows that even under optimum noise 
conditions there is some degradation in 
the narrow-band units when operating 
with 15-kc transmitter swing. Although 
not obvious from Fig. 6, it was found that 
the extra-wide-band sets actually perform 
better with the 15-kc deviation limiter 
than under unlimited deviation condi¬ 
tions. This may be attributed to addi¬ 
tional amplification available in the devia- 
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Fig. 16. Coverage tests of circuit merit versus distanced 5-kc deviation 

limiting 


Fig. 17. Coverage tests of circuit merit versus distance: 6-kc deviation 

limiting 


tion limiter which, combined with the 
limiting action, provides a higher average 
level of the modulating signal. 

Under moderate noise conditions, the 
narrow-band unit operating in a wide¬ 
band or extra-wide-band system fares 
badly inded, as may be seen in Fig. 7 
which shows that a narrow-band set 
operating in a system employing 15-kc 
deviation suffers a degradation of 20 db 
as compared with the reference sets. 
With such a great penalty, mixing be¬ 
comes entirely impractical. 

When it is necessary to add narrow- 
band units to existing wide-band or extra- 
wide-band system, it is possible to reduce 
the penalty involved if a proper compro¬ 
mise frequency deviation is utilized. The 
effect of various transmitter frequency 
deviations on the extra-wide-band, wide¬ 
band, and narrow-band receivers is shown 
in Figs. 8, 9, and 10. The extra-wide¬ 
band and the wide-band sets perform 
best with a frequency deviation of 12 to 
15 kc, while the narrow-band sets reach 
their peak performance at 8-kc deviation. 
The pad in the transmission path was ad¬ 
justed in each case to give at least CM4 
for optimum deviation. 

The results of comparative tests at 6-kc 
deviation with no impulse noise are shown 


in Fig. 11. If Fig. 11 is compared with 
Fig. 6, it will be seen that in case a narrow- 
band fixed receiver at a quiet location is 
to be added to an existing system it might 
be advisable to reduce the deviation of 
associated mobile transmitters to approxi¬ 
mately 6 kc. 

The results of tests with 6-kc deviation 
under moderate noise conditions are 
shown in Fig. 12. A comparison of Figs. 
12 and 7 shows that under moderate 
noise conditions the penalty for mixing 
equipments is definitely less if the devia¬ 
tion is reduced to 6 kc. However, it will 
be seen that the narrow-band set still suf¬ 
fers an 8-db degradation in comparison to 
the reference set. 

Accurate frequency alignment is essen¬ 
tial to the successful operation of narrow- 
band systems. The effect of operation 
slightly off frequency is shown in Fig. 13. 
A 2-kc departure (0.005 per cent) results 
in a 5-db penalty. 

Effect of Battery Voltage 

and Antenna 

The Dover test data show that battery 
voltage is not a factor in system com¬ 
parisons. All of the mobile sets proved 
to be tolerant of reasonable voltage 
changes and all reacted similarly in re¬ 


sponse to such changes. The type of 
mobile antenna used affected system com¬ 
parisons only because of the difference in 
noise pickup. The antenna which gives 
the best shielding from the controlling 
noise is preferable. 

Results of the Gettysburg Tests 

Samples of data taken in the Gettys¬ 
burg tests are shown in Figs. 14 through 
17. It win be seen that if radial coverage 
to a limit of CM2 is compared for the 
different combinations, the results are in 
fair agreement with the Dover conclu¬ 
sions. CM2 has been chosen for this 
comparison because the random fluctua¬ 
tions encountered in a moving vehicle 
make the determination of the exact 
limits of CM3 much less reliable. Table 
II lists the radial mileage, computed 
power in db, and the impairment relative 
to the extra-wide-band receiver with un¬ 
restricted modulation. 

The Gettysburg tests were intended 
only to be a quick check of the more de¬ 
tailed and controlled tests at Dover. As 
pointed out earlier, data taken in this 
fashion would need to be voluminous to 
obtain a true average. Traffic condi¬ 
tions were light; therefore the impulse 
noise was lower than normal for a busy 
highway. This factor favored the opera¬ 
tion of the narrow-band receiver. 

Conclusions 

Analysis of. the Dover test results, 
verified by the Gettysburg test results, 
leads to several conclusions: 

1. When units must be added to an exist¬ 
ing extra-wide-band system, extra-wide¬ 
band units should be used if possible. The 
use of 15-kc deviation limiters on base sta¬ 
tion transmitters, which is now a Federal 
Communications Commission requirement, 
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Table II. Results of Coverage Tests at Gettysburg 


Receiver 

Deviation, Kc 

Radial Coverage, 
Miles 

Computed Power, 

Db Below 

1 Milliwatt 

Impairment, 

Db 

Extra-wide-band. 

.unrestricted... 

.20. 

.—130. 

. 0 

Extra-wide-band. 

. 15 

.24. 

.-132. 

.— 2 

Extra-wide-band. 

. 6 

.19. 

.—128. 

. 2 

Wide-band. 

.unrestricted... 

.14. 

.—122. 

. s 

Wide-band. 

. 15 

.18. 

.. t .,; —126 

4 

Wide-band. 

. 6 

.16. 

.. . —124. 

0 

Narrow-band. 

.unrestricted... 

.12. 

. — 120 

10 

Narrow-band. 

. 15 ... 

.10. 

.—lift 

14 

Narrow-band. 

. 8 

.14. 


. 8 
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causes no transmission impairment to the 
extra-wide-band equipment. 

2. Under typical field conditions, a narrow- 
band (20 kc) system provides considerably 
less coverage than an extra-wide-band sys¬ 
tem. Design limits for application should 
include a 6 to 8-db penalty for the narrow- 
band system. In certain representative 


cases this will mean a reduction of 30 per 
cent in radial coverage. 

3. If narrow-band units must be used in 
extra-wide-band systems it is advantageous 
to reduce the base Station deviation. If the 
base station transmitter deviation is per¬ 
mitted to remain at !5 kc the penalty for 
the narrow-band units may be as high as 15 


to 20 db, while if the deviation is restricted 
to 8 kc the degradation for narrow-band 
units is only 6 to 8 db. 

4, If the regulatory authorities find it nec¬ 
essary to change to 20-kc bandwidth assign¬ 
ments in order to increase the available num¬ 
ber of channels, the redesign of existing 
extra-wide-band systems will be required. 
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A New 12-Element Automatic 
Oscillograph and Application on 
the Bonneville Power System 
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O NE of the important operating prob¬ 
lems of the central station engineer 
is to analyze system faults, to find out 
what the faults were and how well the 
protective equipment functioned to clear 
them. These faults may occur anywhere 
on the system and at any time during the 
day or night. They may last only a frac¬ 
tion of a second, and the most important 
part may last less than 1/2 cycle or less 
than 1/120 second. 

As just one illustration of the impor¬ 
tance of accurate fault records, consider 
the use of fault current values to locate 
short circuits and flashovers on long trans¬ 
mission lines. An insulator flashover 
will produce a short circuit to ground 
and the current which flows is determined 
by the voltage, the line impedance per 
mile of line, and the distance from the 
generator to the short circuit. A knowl¬ 
edge of the fault current will, therefore, 
provide the operating engineer with in¬ 
formation from which he can calculate the 
location of the fault. Since the fault cur¬ 
rent may last for only 1/120 to 1/10 sec¬ 
ond, high-speed recording equipment is re¬ 
quired to supply this information. The 
determination of fault locations in this 
manner will often locate the fault to 
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within one or two spans of a long trans¬ 
mission line. 

The quantities which should be re¬ 
corded during a fault often include line 
and phase voltages, line currents, neutral 
current, phase-sequence components of 
current, and power. The records must 
be oscillographic so that wave shapes and 
phase relations and small time intervals 
can be determined. 

This paper describes a new automatic 
oscillograph designed to produce an oscil¬ 
lographic record of 12 quantities of volt¬ 
age, current, and power during unantici¬ 
pated faults. These quantities are re¬ 
corded on a chart traveling at a speed of 
12 inches per second. The oscillograph 
will wait indefinitely with no parts in 
motion until a fault occurs, and when a 
fault does occur it will start and come to 
full recording speed in2milliseconds (0.002 
second) after the initiating quantity has 
exceeded the preset tripping value. After 
it has been started the oscillograph will 
continue to run until the fault has cleared. 
It will then stop, record the time on the 
end of the record, and reset itself in readi¬ 
ness for the next fault. It can take as 
many as 100 consecutive records in this 
manner without any attention whatever, 
whether they are seconds, days, or weeks 
apart. 

Description 

This automatic oscillograph is a com¬ 
plete unit in one case designed for per¬ 
manent switchboard mounting with back- 
of-panel connections. The front view is 


shown in Fig. 1. A description of the 
major components of this instrument and 
how they function together to produce the 
results described follows. 

Starting Relays 

It is frequently desirable to arrange the 
automatic oscillograph to start from ab¬ 
normal values of any one of several quan¬ 
tities such as overload, undervoltage, and 
neutral current. As many as three start¬ 
ing relays can be installed in this instru¬ 
ment if desired, to provide for automatic 
starting from any three of the following 
quantities: 

1. Undervoltage, single phase 

2. Undervoltage, 3 phase 

3. Overcurrent, single phase 

4. Overcurrent, 3 phase 

5. Neutral current 

6. Positive- or negative-sequence current 

7. Positive- or negative-sequence voltage 

A starting relay is a device which 
measures the quantity by which it is con¬ 
trolled and trips whenever this quantity 
exceeds a definite preset value. For use 
in controlling a high-speed automatic os¬ 
cillograph with an over-all starting speed 
of 2 milliseconds, it is evident that the 
tripping time of the starting relay must 
be less than 2 milliseconds by the time 
necessary to get the oscillograph in full- 
speed operation after the relay has 
tripped. The tripping time of the starting 
relay is about 1/2 millisecond after the 
initiating quantity exceeds the preset 
value. 

For this application, the tripping time 
should be very nearly constant, regardless 
of the amount by which the tripping quan¬ 
tity exceeds the preset value. This 
characteristic has been obtained as fol¬ 
lows : The armature of the starting relay 
is pulled upward by an electromagnet 
which is excited by the tripping quantity, 
and it is held downward by the attraction 
of a permanent magnet. When the up¬ 
ward attraction exceeds the downward 
attraction by even an infinitesimal 
amount the armature starts to move up¬ 
ward, and the first increment of motion 
breaks the contact between the armature 
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Fig. 1 (left). Twelve-channel automatic oscillograph 


Fig. 2 (above). Starting relay panel 


and the permanent magnet. When this 
contact is broken the attraction of the 
permanent magnet is greatly reduced and 
a large force difference is produced to 
move the armature. This arrangement 
provides a tripping time of about 1/2 
millisecond when the initiating quantity 
exceeds the preset value by over 1 per 
cent. 

Three relays are shown on the starting 
relay panel in Fig. 2, one for undervoltage, 
one for line current, and one for neutral 
current. In the line current and neutral 
current relays, the electromagnet which 
is energized by the initiating quantity is 
shown at the top. Directly below the 
electromagnet is the armature A which is 
held downward by the permanent magnet 
assembly F. The spring C aids the elec¬ 
tromagnet in pulling the armature up¬ 
ward and increases the tripping speed. 
The tripping value can be adjusted ac¬ 
curately by means of the nuts D which 
control the spring tension. The starting 
coils are tapped at several points and the 
taps are brought out to the link switch 
E to provide the operator with a con¬ 
venient means of changing the tripping 
value by known amounts. With the 
neutral current link in the position shown, 
this relay will trip at 0.25 ampere, and by 
moving the link the tripping value can be 
changed to 0.5 or 1.0 ampere. 

The starting relay panel is mounted 
under the glass cover on the front of the 
oscillograph where it is shown in Fig. 1. 
A relay panel can be removed quickly 


after removing the cover and then remov¬ 
ing four screws which hold it in place. 
All electric connections between the relay 
panel and the oscillograph are made by a 
multiple-link connecting strip so that it is 
convenient to remove the relay panel for 
changing the type of starting relays used. 

Record Magazine 

The chart is contained entirely in the 
record magazine suspended below the os¬ 
cillograph in Fig. 1. The chart is photo¬ 
sensitive paper, 10 indies in width, which 
is loaded into the record magazine in 200- 
foot rolls. As records are made the chart 
is transferred to a receiving spool which is 
also located in the record magazine. The 
record magazine can be removed when¬ 
ever it is desired to remove the records or 
to reload it. 

The record magazine is shown removed 
from the oscillograph in Fig. 3 and its 
cover is lifted off to show the supply spool 
supporting pin at D and the take-up spool 
at E. The chart is driven from one 
spool to the other by means of the rubber¬ 
faced drive roller A. When the cover is 
in place the chart is held against the drive 
roller by the pressure roller B, so that the 
chart is positively driven by turning the 
drive roller shaft. 

Chart-Drive Mechanism 

When a fault is recorded the chart in the 
record magazine is driven from the supply 
to the take-up spool by turning the drive 
roller shaft. The shaft is driven by a 


governor-controlled motor which holds 
the chart speed at a constant value after 
the motor has come up to speed. When 
the record magazine is in place on the 
oscillograph, the gear K, Fig. 3, engages a 
gear in the oscillograph which is driven 
by the motor. 

When the oscillograph is initiated .by 
the tripping of a starting relay, the motor 
relay is closed and the motor is energized. 
The motor accelerates and comes to full 
operating speed in about 1/8 second. 

The time required for the motor to 
reach full speed is much too long to permit 
recording of the first part of the fault, and 
in many cases the fault will not last as 
long as 1/8 second. To provide for ac¬ 
celeration of the chart to full speed in less 
than 2 milliseconds an auxiliary device 
called the initiating mechanism is coupled 
to the other end of the drive roller shaft 
by means of the coupling L, Fig. 3. The 
initiating mechanism releases the energy 
stored in a torsion spring to provide the 
required acceleration of the chart. So 
that it will be unnecessary to accelerate 
the entire 200-foot chart supply spool in 
l 1 /* millisecond, the chart is brought from 
the supply spool around the idler roller C, 
Fig. 3. The idler roller is mounted on a 
pivoted carriage so that when the initiat¬ 
ing mechanism demands a supply of chart 
the idler roller is pulled toward the drive 
roller. This shortening of the loop sup¬ 
plies chart while the supply spool is com¬ 
ing up to speed. After the supply spool 
comes up to speed and is able to supply 
chart as fast as it is needed, a spring re¬ 
turns the idler roller to its original posi¬ 
tion. 
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Both the chart-drive motor and the 
initiating mechanism drive the chart- 
drive roller through an overunning clutch. 
During the first part of the record, while 
the motor is starting, the initiating mech¬ 
anism drives the roller from the right, and 
the overrunning clutch on the left slips so 
that the initiating mechanism does not 
have to drive the motor. During the re¬ 
mainder of the record the overrunning 
clutch on the right slips and the motor 
does not have to drive the initiating mech¬ 
anism. With this simple arrangement the 
motor will take over the driving of the 
chart just as soon as its speed slightly ex¬ 
ceeds the speed of the initiating mecha¬ 
nism. The point on the record at which 
the drive is transferred from the initiating 
mechanism to the drive motor is undis- 
tinguishable, and the time axis is very 
nearly uniform after IV 2 milliseconds. 

Initiating Mechanism 

The initiating mechanism is shown in its 
position on the side of the case in Fig. 1. 
It is attached to the case by means of two 
screws and a cable jumper so that it can 
be quickly attached or removed. In ap¬ 
plications which do not require 2-milli¬ 
second starting it is not required, but it 
can be attached in a few minutes when 
high-speed starting is needed. The 
initiating device removed from the oscillo¬ 
graph is shown in Fig. 4, in which its 
cover has been removed to show the in¬ 
ternal mechanism. In Fig. 4, D is the 
starting spring and U a small motor which 
rewinds the starting spring after it has 
been used. 

When the starting spring is rewound 
and ready to operate the spring is pre¬ 
vented from unwinding by the engage¬ 
ment of the pawl E with the sear F, and 
the sear is held against the pawl by the 



Fig. 3. Record magazine, cover removed 


electromagnet L. Whenever the electro¬ 
magnet is de-energized the pawl is re¬ 
leased and the spring is allowed to un¬ 
wind, and as it does so it drives the chart. 

As the starting spring unwinds it pulls 
downward on the steel wire which is 
wrapped around a pulley attached to the 
starting spring and pawl. This pulls up¬ 
ward on a piston within the oil dash pot K. 
After the spring is released, it accelerates 
rapidly until the force exerted by the 
movement of the piston through the oil 
is equal to the force exerted by the spring 
on the wire around pulley H. The spring 
then continues to unwind at approxi¬ 
mately uniform velocity. The accelera¬ 
tion of the spring to the condition of uni¬ 
form velocity takes place in about 1 milli¬ 
second. Again in Fig. 4, T is a counter 
which is automatically advanced by 
means of a rotary solenoid at the end of 
each record so that an observer can tell 
how many faults have been recorded since 
the last inspection. 

Timing Mechanism 

The timing mechanism controls the 
length of the record after each initiation, 
and it can be set for records of 2 to 20 
seconds duration. When it is set at 2 
seconds, for example, the oscillograph will 
run for 2 seconds after an initiation and it 
will then stop and reset itself provided 
that the fault has cleared. If the fault 
has not cleared at the end of 2 seconds, the 
oscillograph will continue recording until 
it has cleared. 

The spring-loaded starting relays will 
not reset themselves after the initiating 
quantity has returned to normal, hence 
it is necessary to perform this operation 
before the oscillograph is stopped and 
reset. This is done by the timing cam 
when it closes a pair of contacts which 
energize a resetting rotary solenoid on the 
back of the starting relay panel. After 
resetting the starting relay the cam con¬ 
tinues rotation until it closes another set 
of contacts which reset the oscillograph. 
If the fault has not been cleared the start¬ 
ing relays will not remain reset and the 
oscillograph will not reset or stop record¬ 
ing. 

Shutter Mechanism 

The recording spots of light enter the 
record magazine through a shutter which 
is normally closed. When it is desired to 
take a record the shutter is opened in less 
than 2 milliseconds. At the end of the 
record the shutter is closed again by 
means of a rotary solenoid. 

The shutter is opened by means of a 
spring which is released by an electro¬ 
magnet in exactly the same manner as 


the starting spring is released to initiate 
the record. This electromagnet is nor¬ 
mally energized, and is de-energized when 
a starting relay is tripped. Operation by 
de-energization is used rather than opera¬ 
tion by energization because of difficulty 
in building up the electromagnet current 
through its inductance in a sufficiently 
short time. 

Control Circuits 

A complete description of the control 
circuits and of the sequence of operations 
involved in taking a record and in reset¬ 
ting the oscillograph would be long and 
tedious and is not necessary for a general 
understanding of the principles of opera¬ 
tion. However, a brief outline of the 
control sequence will not be out of order. 

The tripping electromagnets for the 
starting spring and the shutter are de¬ 
signed to be normally energized. These 
are energized through normally closed 
contacts on the starting relays. Tripping 
of any starting relay de-energizes these 
electromagnets, releasing the starting 
spring and the shutter. Operation of the 
shutter closes normally open contacts and 
energizes a relay which controls the chart- 
drive motor. This relay closes and locks 
closed through a holding circuit. 

The starting spring begins to unwind 
immediately and continues for about 1/5 
second. At the end of 1/5 second it closes 
and causes a pair of contact fingers in the 
initiating mechanism to initiate the re¬ 
winding cycle. The rewind motor then 



Fig. 4. Initiating device, cover removed 
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Fig. 5 (left). Bi- 
filar galvanometer 


Fig. 6 (right). 
Automatic oscillo¬ 
graph with galva¬ 
nometer and optical 
stage covers open 




rewinds the starting spring and it is 
latched back in place. 

The timing mechanism periodically 
tests the circuit to see if the fault has 
cleared by attempting to reset the starting 
relays. In about 1/2 second after it has 
succeeded in resetting the starting relays 
it closes a second pair of contact fingers 
which reset the shutter and stop the chart- 
drive motor. 

After the chart-drive motor has been 
stopped and the shutter is dosed a small 
lamp is flashed on which ill uminates the 
face of a clock. By means of a small lens 
the dock face is projected onto the chart 
and is photographed there. The dock 
includes hour, minute, and second hands, 
an a.m.-p.m. dial, and a decade counter 
for counting up to 99 days. Blank space 
is provided on a card attached to the dock 
face for induding the month and year, and 
station identification. 

Galvanometers 

The galvanometers are the recording 
dements which move the spots of light on 
the record in accordance with the quantity 
which is being recorded. Each galva¬ 
nometer is a complete unit consisting of a 
housing or cell box, a universal mounting, 
and a moving dement carrying a small 
mirror. 

A complete galvanometer is shown in 
Fig. 5. The moving dement consists of a 
single turn of fine metallic ribbon tightly 
stretched between a pair of pole tips. A 
small mirror is cemented to the loop thus 
formed, and when current is passed 
through the loop the mirror is rotated by 
simple motor action. Since the moving 
dement has a very low moment of inertia, 
current can be recorded accuratdy from 
zero to several thousand cydes per second 
in frequency. Twelve galvanometers are 
shown in the oscillograph in Fig. 6. 

Optical System 

The light for the recording spots is 
obtained from a single incandescent lamp 
(Mazda 1133 automobile headlight) which 


bums continuously. A part of the light is 
projected on each galvanometer by the 
optical stage shown at A, Fig. 6, which is 
an assembly of lenses, mirrors, and aper¬ 
tures. The entire optical stage assembly 
can be removed easily from the osdllo- 
graph by opening the hinged cover bdow 
the starting rday. 

An aperture is interposed between the 
light source and each galvanometer, and 
the width of each recording trace can be 
individually adjusted by its aperture. 
These adjustments are accessible on the 
optical stage by opening the hinged opti¬ 
cal cover, as shown at B, Fig. 6. 


Viewing Screen 

A calibrated ground-glass viewing 
screen is located just above the optical 
stage cover, on which the positions and 
deflections of the recording spots can be 
observed at any time. The viewing 
screen is of great convenience in checking 
the condition of the recording spots and in 
making calibrations. 

Accessories 

The oscillograph galvanometers are 
used for measurement of voltage or cur¬ 
rent when connected to power system cur- 



Fig. 7. Shunt resistor unit 
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rent transformers or potential transform¬ 
ers through a shunt resistor unit of the 
type shown in Fig. 7. The link A can he 
set for measurement of voltage or for 
measurement of current of 1 or 5 amperes 
nominal value. 

Networks and filters for the relays are 
contained in separately mounted units. 
An accessory for placing time co-ordinate 
lines on the record can be added at any 
time. Galvanometers for measurement 
of single-phase or 3-phase power can be 
installed. 

Power Supply 

The 12-volt d-c model draws power 
for operation from a 100- to 140-ampere- 
hour battery which is kept in a continual 
state of charge by a power supply unit 


Fig. 8 (above). Cir¬ 
cuit used for record¬ 
ing 3-phase volt¬ 
ages with one gal¬ 
vanometer 


Fig. 9 (right). Au¬ 
tomatic oscillogram 
of a clearing and 
reclosing operation 
on Grand Coulee- 
Spokane 230-kv line 



which provides current for stand-by 
operation of the lamp and holding coils 
and maintains a small charging current 
into the battery. An automatic voltage 
regulator and an output timer, which 
limits the maximum continuous recording 
period to a previously set value, are availa¬ 
ble as accessories to the power supply 
unit. 

The 125- and 48-volt d-c models are 
designed to draw power from station serv¬ 
ice batteries. In these models the re¬ 
cording lamp receives its power from a 
separately mounted unit which contains a 
regulating-type transformer for providing 
.essentially constant voltage to the lamp 
:from 60-cycle-per-second 100- to 130-volt 
; a-c. Sensing relays in the unit operate 
-to supply lamp current through dropping 
•resistors from the d-c line when the input 
alternating voltage fails or drops below 
•the regulation range of the lamp trans¬ 
former. 

Automatic Oscillograph Practices on 
the Bonneville Power System 


One of the important functions of os¬ 
cillographs installed on the system is the 
monitoring of over-all relay and circuit- 
breaker performance. The detection of 
relaying abnormalities and circuit-breaker 
troubles permits remedial measures before 
more serious failures occur. 

Another important function is fault 
location. Prompt location and repair of 
fault damage, particularly on nonredosa- 
ble line faults, is vital to system reliability. 
Automatic oscillograph records afford the 
most practical means currently available 
for spotting maintenance crews dose to 
trouble spots. Close location also con¬ 
tributes to the effectiveness, and reduces 
man-hours, of patrol crews. 

Oscillograms of system swings are oc¬ 
casionally compared to network analyzer 
transient studies to verify the correlation 
between the two. 

The oscillographs are sometimes tem¬ 
porarily installed in spedal locations for 
recording during staged system testing. 

Installation Practice 


terminal cabinet-room beneath the con¬ 
trol room relaying and control switch¬ 
boards. 

One set of phase and residual line cur¬ 
rents per line terminal, one set of phase-to- 
neutral and residual potentials per trans¬ 
mission voltage bus section, and station 
polarizing currents are routed to the ter¬ 
minal blocks. Flexible connectors are 
provided to bring selected currents and 
voltages to the oscillograph-calibrating 
unit located inside the cubide. Per¬ 
manent connections are made between the 
calibrating unit and the osdllograph 
which is mounted on the outside of the 
cubicle. 

Trace Allocation 

The number of traces available to the 
application engineer is usually somewhat 
lower than might be desired, even in a 12- 
element oscillograph. To conserve ele¬ 
ments, three phase-to-neutral voltages 
per bus are combined on one trace by 
means of half-wave rectifiers. See Fig. 8, 
which shows a schematic wiring diagram 


The Bonneville Power System is largely 
a network of long, heavily loaded high- 
voltage transmission lines designed to 
gain as much economy as possible by ex¬ 
ploiting high-speed fault dearing, and 
automatic redosing to increase stable 
power system limits. 


The newer Bonneville transmission 
switching stations are designed with panel 
space and current and potential terminal 
blocks to provide for oscillographs having 
about two traces per bus section and one 
or more traces per transmission line. 
These are usually centrally located in a 


of this network. Phase identification is 
made possible by depressing one phase 
slightly. Calibration curves which show 
the effect of voltage change in each phase 
alone, and on all three phases together, 
are kept in file for reference when oscillo¬ 
grams are analyzed. 
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Following the voltage traces the 
order of priority is as follows: 


usual 


* '-uatuis UJT vuitage 

?!• ? ne residual current per major tram 
mission circuit. One of any group ( 
parallel circuits may be omitted if necessan 

3. Transmission line phase currents. 


In special cases traces are used directly 
to monitor the action of particular circuit 
breakers, relays, or pilot channels. 

Calibration and Processing 


The traces on each machine are usually 
spaced about equally and calibrated in the 
field for the best compromise between a 
measurable magnitude on minimum faults 
and excessive overlap on maximum faults. 
The order of traces is selected to give 
cross-chart alignment on potentials and 
adjacent placing of quantities which may 
be related during particular faults. For 
example, in Fig. 9 Coulee nos. 1 and 2 are 
parallel 116-kv lines and Coulee nos. 3 
and 4 are parallel 230-kv lines. 

Records are developed by field relay 
engineers in darkrooms provided for that 
purpose. Since Bonneville does not use 
overhead ground wires the incidence of 
transient faults with successful automatic 
reclosing and without line damage is rela¬ 


tively high. In these cases the records 
are processed and analyzed in a routine 
manner and the computed fault location 
is given to patrol crews for checking on 
regular patrol. In the case of permanent 
line outage the records are processed as 
soon as an engineer can get to the substa¬ 
tion, results are compared by telephone, 
and the computed fault location is given 
to repair crews. The most successful 
method of analysis is based on the fact 
that fault distance is almost a linear func¬ 
tion of the ratio of simultaneous residual 
currents from opposite ends of the line, 
regardless of fault type or impedance. 
This methodis also substantially independ¬ 
ent of source impedance except for faults 
very close to busses. Faults which do 
not involve ground are very rare and can 
readily be computed by other means. 

Curves relating the ratio of fault cur¬ 
rents to fault distances are maintained for 
each line under normal operating condi¬ 
tions. Records indicate that the curves 
give results which have had a maximum 
error of only 7 per cent and have averaged 
within 2 1 / 2 per cent of line length. 

Analysis 

A typical example of an actual auto¬ 
matic record taken on the Bonneville sys¬ 


tem is shown in Fig. 9. This illustrates 
the method of analysis and the result ob¬ 
tained, as follows: The record, taken at 
Spokane, Wash., shows a clearing and re¬ 
closing operation on the Grand Coulee- 
Spokane 230-kv no. 5 line, which is not 
represented on this oscillogram. (The 
no. 5 line had just been placed in service.) 
However, the sequence of operations is 
clearly apparent. The initial voltage 
and polarizing traces show that the fault 
was on A -phase near Spokane. The de¬ 
crease in polarizing current and increase 
in parallel-line residual current show that 
the Spokane end opened in 2 s /< cycles. 
The final drop in residual traces shows that 
Coulee cleared in 4y 2 more cycles, and the 
pips on the polarizing and residual tra ce s 
show that Coulee and Spokane both re¬ 
closed 17 1 /* cycles later. The first resid¬ 
ual current pip lines up with spikes on 
both voltage traces. 
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Type-Nl Carrier on Radio and 
Coaxial Cable 


W. S. AMES 

ASSOCIATE MEMBER AIEE 


Synopsis: A practical illustration of the 
versatility obtainable in applying modern 
types of carrier telephone systems to radio 
facilities is given in an application of 48 
channels of the Western Electric Company 
type-ATI carrier to a 2-section radio system 
in an area served by The Pacific Telephone 
and Telegraph Company. The radio sys¬ 
tem, with the unusual feature of combining 
two types of radio equipments, has a 
Western Electric Company type-TD-2 
terminal at Los Angeles and type-TE-1 
terminal near Ventura, with one inter¬ 
mediate TD-2 repeater at Oat Mountain, 
near Chatsworth, California. 

A unique and economical aspect of the 
arrangement lies in the extension of the 
carrier systems from one of the radio 
terminals to the distant carrier terminal 
station through a 3-mile section of paired 
exchange cable and a 30-mile section of 
coaxial cable using intermediate Nl carrier 
repeaters without departing from carrier 
frequencies. Another unusual feature of 
the arrangement consists of the method of 


W. H. WEDEL 

ASSOCIATE MEMBER AIEE 

positioning the carrier frequencies for radio 
transmission. Utilizing the availability of 
12-channel Nl carrier systems in two fre¬ 
quency allocations, low-group (44 to 140 kc) 
and high-group (164 to 260 kc), it was 
possible to combine two systems by means 
of filters to occupy a frequency range from 
44 to 260 kc without additional modulators. 
Such a pair of Nl systems with a total of 24 
channels was then translated in a single 
step of modulation to a frequency range 
from 280 to 496 kc, and it was found that in 
accomplishing this single translation an Nl 
earner repeater, with modifications, per¬ 
formed admirably. Transmission perform¬ 
ance of the over-all system is within the 
limits set for an all-cable Nl carrier system 
of the usual type. 

General 

In 1950, a need suddenly arose for 
additional long-haul telephone circuits 


between Los Angeles and the coastal cities 
of Ventura and Santa Barbara. Means 
at hand which gave promise of providing 
service most quickly and economically 
to meet the toll circuit shortage were: 

Microwave repeater stations at Los Angeles 
and Oat Mountain (intermediate be¬ 
tween Los Angeles and Ventura, dividing 
the distance into 28-mile and 38-mile 
paths). 

A location at Mills Road, near Ventura, 
suitable for a microwave terminal. 

Exchange cable pairs from Mills Road to the 
Ventura toll central office (3 miles). 

Coaxial cable between Ventura toll centra! 
office and Santa Barbara (29 miles). 

Equipment obtainable to complete 
the facilities for the route consisted of 
4,000-megacycle (me) type-TD-2 radio 
equipment for Los Angeles and Oat 
Mountain, 4,000-mc type-TE-1 for Mill* 
Road, 12-channel Nl carrier terminals 
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for Los Angeles and Santa Barbara, and 
N1 repeaters for use in the exchange 
cable and coaxial sections 1 through 6. 

While the references give detailed 
descriptions of the TD-2 and TE-1 radio 
systems and the N1 carrier telephone 
equipment, a brief mention of some of the 
more important features of these sys¬ 
tems follows. 

The TD-2 microwave radio is designed 
for long-haul radio relay use to provide 
television network facilities or telephone 
message circuits in large quantities. The 
transmitted frequency is near 4,000 me 
with a power output near 1/2 watt from 
an amplifier using 416A triodes. Since 
the transmitter and receiver are designed 
for interconnection at 70-mc intermediate 
frequency (i-f) for use as a repeater, sep¬ 
arate frequency modulation (FM) units 
are required at a terminal to associate 
the video band with the 70-mc i-f. 

Designed for short-haul television relay 
use, the TE-1 radio transmitter has a 
klystron output tube delivering somewhat 
less than 1/2 watt near 4,000 me. The 
input of the transmitter and the output 
of the receiver are video frequencies. 

Type-iVl carrier is used extensively on 
nonloaded cable pairs to provide 12 
voice channels per system. Both side 
bands are used for each channel, and the 
transmitted carrier frequencies serve as 
pilots to enable individual channel regula¬ 
tion in addition to group regulation. 
Two-line frequency allocations are avail¬ 
able: 44 to 140 kc (low group) and 164 to 
260 kc (high group). A complete N1 
carrier terminal uses transmitted fre¬ 
quencies in one group location with re¬ 
ceived frequencies in the other. Signal¬ 
ling is accomplished by a 3,700-cycle 
tone just above each 3-kc voice channel. 


A block diagram of the layout (in one 
direction of transmission) is shown in 
Fig. 1, illustrating the application of four 
systems (48 channels) of N1 carrier to the 
radio system, and showing the way in 
which the carrier systems are extended 
from the radio terminal at Mills Road via 
exchange cable and coaxial cable to Santa 
Barbara. As indicated in the sketch, the 
N1 terminal transmitters at Los Angeles 
are combined in pairs with one pair being 
modulated upward to enable a combina¬ 
tion of the four terminals before applica¬ 
tion to the radio transmitter. The four 
N1 systems are separated at Mills Road 
to permit transmission through the ex¬ 
change cable section, but they are again 
combined in pairs for transmission 
through the coaxial cable. Transmission 
in the opposite direction follows a similar 
arrangement. 

Radio Sections 

A general description of the radio por¬ 
tion of the system follows. 

Los Angeles: Western Electric Com¬ 
pany type- TD-2 transmitter and receiver 
near 4,000 me, with 10 by 10 by 10-inch 
delay lens horns, FM transmission with 
a power output of +27 decibels above 1 
millowatt (dbm). Deviation was set 
for ±3 me with all 48 channels of N1 
carrier applied. 

Oat Mountain: Type-TD-2 trans¬ 
mitter and receiver toward Los Angeles 
and also toward Mill Road, near 4,000 
me, with 10 by 10 by 10-inch delay lens 
horns in each direction. The FM signal 
at 70 me i-f is passed from a receiver in 
one direction to a transmitter in the other 
direction. 


Mills Road: Western Electric Com¬ 
pany typ e-TE-1 transmitter and receiver 
near 4,000 me, FM transmission toward 
the TD-2 receiver and transmitter at 
Oat Mountain. TE-1 power output is 
approximately +25 dbm. Because of 
the use of klystrons against the wave 
guide in the TE-1, distance between the 
equipment and the antennas is limited. 
At Mills Road 57-inch parabolic reflectors 
are aimed vertically through an alsynite 
window in the roof toward a 10 by 14-inch 
reflector elevated 60 feet above the earth. 
Deviation was set for ±3 me with all 48 
channels of N1 carrier applied. Clamper 
circuits were disabled. TE-1 equipment 
was modified locally to stabilize tempera¬ 
ture and frequency. 

The N1 Carrier Arrangement 

At Los Angeles 

Fig. 2 shows the arrangement for com¬ 
bining the four N1 carrier groups at 
Los Angeles. The availability of the 
12-channel N1 equipment in two fre¬ 
quency allocations, 44 to 140 kc and 164 to 
260 kc, made it possible to combine two 
12-channel groups by means of band¬ 
pass filters; however, a means was needed 
for translating the remaining two systems 
to frequencies above 260 kc to enable the 
four systems to be combined for trans¬ 
mission over the radio facility. Since 
an N1 repeater consists essentially of a 
modulator element in conjunction with 
an amplifier, the possibility of modifying 
a repeater to perform the new require¬ 
ment for frequency translation was con¬ 
sidered. If such a modification were 
feasible, it appeared that the method 
would have several advantages such as 
the following: 
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Fig. 6. N1 carrier low-high repeater 
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Fig. 8. Modulator-demodulator gain frequency characteristics. Curve A for modulator, 

curve B for demodulator 


1. Production problems would be mini¬ 
mized. 

2. Mounting arrangements, external wir¬ 
ing, and power supply would be identical to 
those of the unmodified repeater. 

3. Maintenance routines and test equip¬ 
ment would be the same as for a repeater. 

An N1 low-high repeater, Fig. 6, was 
altered to perform the desired modulating 
function. Fig. 7 shows the circuit after 
modification. Major changes were as 
follows: 

1. The carrier oscillator frequency was 
changed from 304 to 540 fcc by replacing the 
crystal. 

2. The slope circuit in the feedback path of 
the amplifier was disconnected to provide 
more nearly flat gain. 

3. The input filter was removed and the 
output filter of the modulator was replaced 
by a band-pass filter to"pass 280 to 496 kc, 
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the A-B products resulting from an input of 
44 to 260 kc. 

The demodulator is identical to the 
modulator except that a low-pass filter is 
used to pass the A-B products (44 to 260 
kc) obtained with an input of 496 to 280 
kc. 

Fig. 8 shows graphically the gain- 
versus-frequency characteristics of the 
modulator and demodulator units. The 
variations in gain with frequency are 
largely attributable to losses in the trans¬ 
formers, which were originally designed 
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for low loss at normal N1 carrier fre¬ 
quencies. Replacement of transformers 
for this special application was not be¬ 
lieved to be warranted, since: 1. con¬ 
stant slope variations in gain could be 
corrected through the use of standard 
artificial lines design for use with N1 car¬ 
rier along with slope adjustments in re¬ 
peaters and receiving terminals; 2. non¬ 
linear variations in gain, if not too large, 
could be cared for by individual channel 
regulation at the carrier-receiving ter¬ 
minals. 


Again referring to the arrangement at 
the Los Angeles terminal, Fig. 2, it will 
be seen that a low-group N1 transmitter 
(44 to 140 kc) is combined with a high- 
group transmitter (164 to 260 kc) ,to 
provide 24 channels occupying the fre¬ 
quency space from 44 to 260 kc. Two such 
pairs of N1 systems (one pair translated 
to 280 to 496 kc) are then combined by 
means of band-pass filters to occupy the 
frequency range from 44 to 496 kc. This 
latter band of frequencies is then applied 
to the TD-2 radio transmitter. 
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Fig. 10 (left). TD-2 antennas on 
the roof at Los Angeles 


Fig. 12 (right). TD-2 radio termi¬ 
nal at Los Angeles 



To obtain a reasonably flat input to the 
radio equipment, slope adjustments are 
made by the use of N1 carrier artificial 
lines while level adjustments are ob¬ 
tained by using N1 carrier span pads; 
further, the span pads, placed between 
the artificial lines and the filters, provide 
impedance matching at the filter inputs 
better than would be given by direct 
connection between the filters and arti¬ 
ficial lines. 

Fig. 9 (A) shows the modulator and 
demodulator alongside an unmodified 
N1 carrier repeater. “Before” and 
“after” pictures of the units are shown in 
Figs. 9(B) and 9(C). The N1 terminal 
arrangement at Los Angeles is pictured 
in Figs. 9(D). 

At Ventura (Mills Road) 

At Mills Road, Fig. 4, the received 
signals are separated (by filters identical 
to those at the Los Angeles terminal) 
into two frequency groups: 44 to 260 kc 
and 280 to 496 kc. A demodulator, as 
previously described, is used to translate 
the 280 to 496-kc group to 44 to 260 kc. 
Each of the two pairs of N1 frequency 
groups, 44 to 260 kc, is then filtered into 
a low group, 44 to 140 kc, and a high 
group, 164 to 260 kc. After passing 
through the usual N1 repeaters at Mills 
Road, the groups are conducted individ¬ 
ually on exchange cable pairs to the Ven¬ 
tura toll central office. 


At Ventura Central Ofpice 

At Ventura the 4-channel groups are 
again passed through N1 repeaters, then 
combined in low- and high-group fre¬ 
quency pairs (44 to 260 kc) for trans¬ 
mission over the coaxial cable. 



Fig. 11. TE-1 radio installation at Mills 
Road. Note alsynite window in ceiling 


At Santa Barbara 

At Santa Barbara, the N1 receiving 
terminal at the end of the coaxial cable, 
the groups of frequencies were separated 
by means of the same types of filters as 
were used at other locations. Here the 
individual channel regulation cares for 
any mop-up equalization which may be 
required. 

In engineering the physical arrange¬ 
ment of the equipment in central offices 
two precautions were kept well in mind. 
First, since N1 receiving frequencies 
identical to transmitting frequencies of 
other N1 systems were used, care was 
taken to avoid excessive coupling between 
such systems. This was partially ac¬ 
complished by providing separation in 
certain portions of the interconnecting 
cables and by separating transmitting 
and receiving filter circuits. Second, in 
the filter circuits and in the unbalanced 
circuit elements connected to them, 
grounding was at a single, common point 
to prevent stray currents. 

Test Results 

Noise measurements were made under 
severe conditions of loading. With 
1,000-cyde tones applied at Los Angeles 
on all channels except the one being 
measured, the average single-channel 
noise for the 48 channels as measured at 
Santa Barbara was 21.4 decibels adjusted 
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Fig. 13 (left). TD-2 70- 
me FM terminal at Los 
Angeles 


Fig. 14 (right). Plane 
antenna reflector at Mills 
Road 


(dba), the maximum was 30 and the 
minimum was 14. All measurements 
were at a —-9-decifcel level point referred 
to the transmitting switchboard. With 
all channels idle the average single- 
channel noise was less than 8 dba, the 
maximum 17, and the minimum less than 


on each channel. These tests revealed 
that no signalling difficulties were to be 
expected in this application; however, 
the possibility was indicated that during 
deep radio fades the false seizure of 
senders in an intertoll switching arrange¬ 
ment could be a problem. Further in¬ 
vestigation would be required if such 
usage were planned. 

Maintenance 


5. 

Tests were made to indicate the per¬ 
formance of the N1 carrier sig nalling , 
which uses a 3,700-cycle tone above voice 


The entire layout was designed so that 
no exceptional maintenance equipment 
or procedures would be required. Major 
equipment items are in common use 


with standardized instructions available. 
Modulator and demodulator units are 
so closely similar to N1 repeaters that 
special treatment is at a miniminn , Fil¬ 
ters, which were the only other units 
developed for the system require only 
the low degree of maintenance associated 
with inactive elements. Performance of 
the carrier systems through a period of 
more than a year has shown that reliable 
service with good transmission can be 
expected from a system such as the one 
described. 
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Comparative Propagation Studies on 
250 and 450 Megacycles 

EMIL HOPNER T. D. CUSHING 

NONMEMBER AIEE NONMEMBER AIEE 


T HE existence of two identical over¬ 
water radio links, one in the 250- and 
one in the 450-megacyde (me) range, pro¬ 
vided an opportunity for comparative 
studies of propagation in the two fre¬ 
quency bands. In making the studies, 
received signal strengths were recorded 
and shown as: 1. signal strength as a per¬ 
centage of time, and 2. as signal strength 
probability. Observed signal strengths 
were compared to calculations made on 
the basis of previously published theo¬ 
retical data. 

An excellent opportunity for compara¬ 
tive propagation studies on 250 and 450 
me was provided by two existing over¬ 


water links operated by the Northwest 
Telephone Company in British Columbia. 
The two links provide a total of 16 voice 
channels between the city of Parksville 
on Vancouver Island and the city of Van¬ 
couver on the mainland. Since the ter¬ 
minal equipment and antennas for both 
links are in the same locations at both 
Vancouver and Parksville, identical prop¬ 
agation conditions exist. Propagation 
comparisons were made by calculating 
the expected signal strengths at the two 
receivers and comparing these calculated 
values with the actual values received over 
periods of 2 and 3 weeks. 

A profile of the Vancouver-Parksville 


links is shown in Fig. 1. Path length is 
52.5 miles. Effective antenna heights are 
275 feet at Parksville and 117 feet at Van¬ 
couver. The two receivers at Vancouver 
are shown in Fig. 2, and the antennas at 
Vancouver are shown in Fig. 3. 

Signal Strength Calculations 

The received signal strength to be ex¬ 
pected on the two links was determined 
on the basis of methods of calculation pre¬ 
viously published by Bullington. 1 The 
actual link frequencies used were 243 and 
455.25 me. Transmitter output powers 
were 25 watts [+14 decibels above 1 
watt (dbw) ] and 50 watts (+17 dbw) 


Paper 54-241, recommended by the AIEE Radio 
Communications Systems Committee and approved 
by the AIEE Committee on Technical Operations 
for presentation at the AIEE Summer and Pacific 
General Meeting, Los Angeles, Calif., June 21-25, 
1954. Manuscript submitted March 22, 1954; 
made available for printing May 3, 1954. 

Emil Hopnbr is with the Lenkurt Electric Com¬ 
pany, Inc., San Carlos, Calif., and T. D. Cushing 
is with the Northwest Telephone Company, Van¬ 
couver, B. C., Canada. 


Hopner, Cushing—Propagation Studies on 250 and 450 Megacycles 


318 


September 1954 








1000 

900 

hi = 275- 



■-1 250 

-TD-h2=ii7 


MILES 
4/3 EARTH 


Fig. 1. Path loss figures and profile for the Vancouver-Parksville radio links used in these 
propagation studies. Path length 52.5 miles bearing 91 degrees true 


234 455.25 

Me, Db Me. Db 


Calculated, db 

Plane earth, hi = 275 feet 
Aii = 117 feet 

<f = 52.5 miles. 123. 

Measured, db 

90% value. 127. 

Most probable path loss. 124. 


Fading below 90% value.—11.. — —22 

respectively; antenna gains were 12 and 
15 decibels (db) respectively; and coaxial 
cable losses for each equipment terminal 
were approximately 1.5 db. 

Thus, total gain for the 243-mc link was: 

Antenna gain, db.+24 

Coaxial cable loss, db. —3 

Power output, dbw. .+14 

Total gain, db.+35 



For the 455.25-mc link, total gain was: 

Antenna gain, db. +30 

Coaxial cable loss, db. —3 

Power output, dbw. +17 

Total gain, db.+44 

The expected field strength for links of 
this type is the sum of the directed and 
reflected waves and is calculated from the 
equation 

„ 2J2o . / 2irhifa\ 

b-T^VTT) 

where 

E= field strength at receiver 
Eo = strength of direct wave at unit distance 
d «= distance between antennas 
X=wave length, same units as d 
hih **effective heights of sending and re¬ 
ceiving antennas, same units as d 

The term Eo/d represents the loss due 
to the direct wave (free space loss). For 
the 243-mc link Eo/d equals 114 db, and 
for the 455.25-mc link Eo/d equals 119.5 
db. The term 2sin [{2rh]hi)/ (Xd)] repre¬ 
sents the loss or gain introduced by the 
reflected wave. This loss is about 9 db 
for the 243-mc link and about 3.5 db for 
the 455.25-mc link. Thus, total path 
loss for both links is approximately 123 
db (114+9 and 119.5+3.5). Conse¬ 
quently, under these conditions the total 


Fig. 2 (left). Re¬ 
ceiver room at 
William Farrell 
Building, Vancouver. 
The 455.25- and 
243-mc receivers 
from Parksville are 
at lower right and 
middle left respec¬ 
tively 


Fig. 3 (right). An¬ 
tennas on roof of 
William Farrell 
Building, Vancouver. 
The 455.25- and 
243-mc antennas are 
in foreground and 
background respec¬ 
tively 




path loss is not a function of frequency. 

Expected signal strength for the two 
radio links is the sum of the total path 
loss and the system gain. For the 243- 
mc link this is: 

Path loss, db.—123 

System gain, db.... +35 

Expected signal 

strength =. — 88dbw= 

280 microvolts (mv) 

For the 455.25-mc link: 

Path loss, db.—123 

System gain, db. . +44 

Expected signal 

strength —. —79 dbw ==800 mv 

Received Signal Strength 
Measurements 

The strengths of the signals received 
from Parksville were recorded at Van¬ 
couver during the month of June 1953. 
Signals were recorded for 2 weeks on the 
243-mc link and for 3 weeks on the 455.25 
me link. Results of the recorded meas¬ 
urements are shown in Figs. 4 and 5 
plotted as received signal strength proba¬ 
bility and received signal strength in per¬ 
centage of time. Minimum received signal 
strength was about the same for both sys¬ 
tems: 50 mv for the lower frequency, 60 
mv for the higher. Maximum received 
signal strength was 1,350 mv at 243 me 
and 3,500 mv for 455.25 me. 

As shown in Fig. 4, the received signal 
strength at 243 me was above 175 mv, or 
4 db below the calculated expected value, 
for 90 per cent of the total recording time. 
On the 455.25-mc link, also shown in 
Fig. 4, the received signal strength was 
above 770 mv, or only 0.3 db below the 
calculated expected value, for 90 per cent 
of the time. 

Both of the signal strength probability 
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Fig. 4. Signal strength as a percentage of time 
for both Vancouver and Parksville links. Total 
recording time: 29,203 minutes for 455.25 
me; 21,655 minutes for 243 me 


curves shown in Fig 1 . 5 have a very pro¬ 
nounced maximum value. This maxi¬ 
mum is within +1 db of the expected 
value for both the 455.25- and the 243-mc 
links. It is interesting to note that the 
maximum probability value is much 
higher for the 455.25-mc link than for the 
243-mc link. 

The total fading range encountered 
during the tests was 29 db for the lower 
frequency link and 35 db for the higher. 
However, the fading range below the 90- 
per-cent value is 11 db for 243 me and 22 
db for 455.25 me. Consequently, it ap¬ 
pears that necessary fade margins for 


Fig. 5. Signal 
strength probability 
curves. The per¬ 
centage of time scale 
is valid only for 
those discrete points 
indicated by the dot 
values which have 
been computed from 
the propagation 
graph. The curve 
formed by joining 
these discrete points 
shows only a relative 
indication of the 
amount of time any 
particular signal 
strength value might 
be expected. Total 
recording time is the 
same as in Fig. 4 



overwater paths such as these are ap¬ 
proximately 0.25 db per mile in the 250- 
mc range and approximately 0.5 db per 
mile in the 500-mc range. 

These results are within the measuring 
accuracy of the tests. It should be 
pointed out that the stronger signals on 
450 me are attributable to increased power 
(3 db), increased antenna gains (total 6 
db), and first fresnel zone path clearance. 
Because of the increased noise figure for 
the 450-mc receiver, about 4 db stronger 
signal would be required to give the same 
resulting signal-to-noise ratio. While 
these recordings cover a period of about 3 
weeks, the 243-mc circuit has been in 
operation 3 years and the 455.25-mc cir¬ 


cuit over IV 2 years, and the performance 
over this period agrees with this report. 

It would be interesting to carry out 
tests on 900 me on a similar overwater 
path if sufficient antenna gains could be 
obtained to overcome the lower power, 
greater fading range, and increased noise 
figure. 

References 

1. Radio Propagation at Frequencies Abovb 
30 Mrgacyci.es, Kenneth Bullington. Proceed¬ 
ings, Institute of Radio Engineers, New York 
N. Y., vol. 35, Oct. 1947, pp. 1122-36. 

--♦- 

No Discussion 


Thickness Gauge for Dielectric ^Haterials 

W. W. WOODS 

NONMEMBER AIEE 


T HE instrumentation described in this 
paper is based upon the variation of 
mutual inductance between two coils 
when brought near a metal surface. A 
type of thickness gauge employing this 
principle was first publicized by M. L. 
Greenough 1-4 ; he stated that the signal 
obtained from a mutual inductance was 
“greater and more linear” than from self¬ 
inductance. Since then applications of 
the principle have been extended to the 
measurement of distance and vibration. 

The principal advantage of the use of 
a mutual inductance change for the 


measurement of displacement lies in the 
fact that distances to a metal surface may 
be measured without an application of 
appreciable forces. Any dielectric mate¬ 
rial-solid, liquid, or gaseous—may be 
interposed. This enables thickness meas¬ 
urements on large dielectric fabrications 
and displacement measurements on deli¬ 
cate systems with equal facility. 

Basic Operation 

A simple representation of the principle 
of operation of the mutual inductance 


element can be made by employing the 
concept of images. When a coil of wire 
carrying an alternating current is brought 
near a perfectly conducting plane, the 
resulting field is identical to that which 
would be produced by the same coil and 
its image in the absence of the plane. 
This follows directly from electromagnetic 
theory. 8 Thus, as shown in Fig. 1, the 
mutual inductance between two coils A 
and B in the presence of a conducting 
plane may be said to be the mutual in¬ 
ductance Mab between the two coils in 
free space less the mutual inductance 
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Fig. 1. Image coil concept 


M A b' between one coil and the image of 
the other. In usual practice, the two 
coils are mounted coaxially on a solid 
dielectric form, with the separation C of 
the coils fixed. Changes in the distance D 
from the plane to the coil system cause a 
variation of the image mutual inductance 
Mab'- 

The curves of mutual inductance as a 
function of the distance D from the con¬ 
ducting plane can be computed for simple 
systems 8 - 7 similar to those shown in Fig. 1. 
An idea as to the general shape of such 
curves may be gained from Fig. 2. Here 
are represented nondimensional curves of 
mutual inductance versus distance for 
several geometries of multiturn coils. 
Calculations were made on the basis of 
coils of square cross section, each side of 
this square being l/40th of the diameter A 
of the larger coil. It is to be seen that a 
relatively linear portion of the curve 
occurs about an inflection point and 
covers a range of about 7 per cent of the 
larger coil diameter. For vibration¬ 
measuring instruments, and for measur¬ 
ing small distances, this is the portion of 
the curve usually used. However, for 
thickness measurements of large dimen¬ 
sion, the full curve is usable. 

In practice the reflecting surface used 
need be neither infinite in extent nor of 
infinite conductivity. The practical limit 
of observable effects upon readings is 
readied for reflector dimensions greater 
than twice the coil system diameter and a 
thickness exceeding three times the elec¬ 
trical depth of penetration, or skin depth, 
for the frequency and metal used. This 
skin depth should be small with respect to 
the distance to be measured. For special 
purposes any or all these limits may be 
violated, resulting in systems wherein 
calculated responses must be modified by 
empirical data. 

The foregoing applies to plane-reflector 


surfaces only. For surfaces other than 
plane the mutual inductance curve shape 
is unchanged, but the zero point of the 
curve is shifted. For circular cylindrical 
surfaces an empirical equation has been 
obtained relating the system geometry 
to the zero error. For an outer coil 
diameter A, inner coil diameter B, and 
reflector radius of curvature R, the error is 

e = (1.5i4 2 +5.8i415—2.4B 2 )/100I? (1) 

To obtain this equation, a system of nine 
coils was fabricated. For each 2-coil 
combination values of mutual inductance 
were obtained with the coil form pressed 
against conducting metal cylinders of 
various radii of curvature. These data 
were reduced to give curves of effective 
displacement referred to a flat surface 
versus radius of curvature of the cylinder. 
Standard curve-fitting techniques were 
used to obtain equation 1 from this mass 
of data. Subsequent checks using dielec¬ 
tric spacers of known thickness between 
the coil form and the cylinders gave data 
which complied with equation 1 within 
experimental error, thus verifying the 
invariance of the curvature correction 
with displacement. 

For surfaces other than plane or cylin¬ 
drical, no data have been tabulated to 
date which can be used for accurate pre¬ 
diction of error. Where a compound 
surface has two radii of curvature, one 
much larger than the other as in an ogive, 
equation 1 for cylindrical surfaces will 
hold to a dose approximation using the 
smaller radius of curvature. 

Various dielectrics appear to have little 
effect upon this type of instrument. A 


small effect is noted for large coil systems 
which appears, to a first approximation, 
to be a zero change proportional to the 
frequency of operation and thickness and 
dielectric constant of the dielectric in the 
field of the instrument. 

Instrumentation Methods 

To render a mutual inductance device 
useful for indicating distances or displace¬ 
ments, a method for measuring mutual 
inductance must be provided. Several 
instrumentation methods are applicable 
using alternating currents ranging from 
audio to video frequenties. These 
methods may be divided into three 
general classes: passive bridge networks, 
voltage amplitude metering systems, and 
frequency deviation systems. 

Standard bridge networks for the meas¬ 
urement of mutual inductance, including 
impure mutual inductance, can be found 
in tests on electrical measurements. The 
more common of the bridge networks are 
ascribed to Hartshorn and Carey Foster. 
Two disadvantages of this type of meas¬ 
urement are the relatively tedious manual 
operation and the necessity for very close 
connections to the mutual inductance 
being measured. The use of long leads or 
cables to the coil system make meas¬ 
urement difficult, if not impossible. 

For the convenience of direct indication 
and to allow the use of moderate cable 
lengths, a voltage amplitude system may 
be used. Voltage amplitude metering 
systems take advantage of the fact that 
the amplitude of the voltage induced in 
one coil by an alternating current in the 



Fig. 2. Mutual inductance versus separation 


September 1954 


Woods—Thickness Gauge for Dielectric Materials 


321 









Fig. 3. Frequency deviation system 


other is equal to the product of the 
mutual inductance, the angular fre¬ 
quency, and the current amplitude. For 
the induced voltage to bear a constant 
proportionality to the mutual inductance, 
the product of the frequency and the 
current amplitude must be held rigidly 
fixed. This may be accomplished by 
holding each factor constant, or by allow¬ 
ing one to vary and regulating the other 
to produce a constant product. Both 
methods have been successful in instru¬ 
ment applications. 

Connections between the metering and 
mutual inductance portions of the instru¬ 
ment are made with coaxial cable. For 
short cable lengths, less than 1/10 wave 
length, the cable capacitance may be 
treated as a lumped parameter and used 
as part of the frequency-determining 
circuit of the coil excitation source. This 
permits optimum coupling of excitation 
source and coil system. 

Appreciable alterations of cable char¬ 
acteristics will cause system malfunction 
unless specifically compensated. For 
longer cables transmission-line tech¬ 
niques must be employed, resulting in a 
rather unwieldy system. 

Cabling difficulties are greatly reduced 
in frequency deviation systems. These 
employ the mutual inductance element as 
a portion of the feedback loop of a tuned 
oscillating amplifier. Variation of the 
mutual inductance in this system causes a 
variation of the phase angle of the feed¬ 
back ratio from the output to the input 
of the amplifier portion of the oscillator. 


Since the total loop phase angle must 
equal zero—or an integral multiple of 360 
degrees—for oscillations to continue, the 
frequency of oscillation will change, 
altering the phase angle of the amplifier 
gain factor to compensate the change in 
the feedback ratio. The frequency of 
oscillation then is a measure of the mutual 
inductance in the feedback loop. An 
illustration of this is shown in Fig. 3. 

Here are shown the phase character¬ 
istics of a system presently in use. The 
family of curves represents the combined 
phase angles of the gain and feedback 
factors for various values of mutual in¬ 
ductance. Over the range i of frequency 
plotted, the' feedback factor phase angle 
is essentially constant and is represented 
by the intercepts with the ordinate axis of 
the composite characteristic. The inter¬ 
cept of this same characteristic with the 
abscissa axis determines the frequency of 
oscillation. 

It may be noted that the frequency 
range depicted here is quite small. This 
is the result of the relatively sharp 
tuning, or high Q of the amplifier. The 
amplifier in this instance contains four 
tuned circuits, each with a Q of 10, result¬ 
ing in an over-all effective Q of 40. With 
a smaller Q, say 4 instead of 40, the plot 
would extend over 10 per cent instead of 
1 per cent of the base frequency. This 
broad tuning can be conveniently ob¬ 
tained with resistance-capacitance net¬ 
works. The slope of the frequency versus 
mutual inductance curve is inversely 
proportional to the Q of the system. 


To convert frequency variation to a 
more easily metered function, a type of 
frequency detector is used. In this, 
application a discriminator, such as is 
found in frequency-modulation receivers, 
is well suited. The signal obtained from 
the discriminator is a direct current or 
voltage which varies in direct proportion 
to the frequency, and thus, to the mutual 
inductance being measured. This signal 
is easily displayed on a D’Arsonval-type 
meter, oscilloscope, or other voltage or 
current-sensitive device. 

Chief advantage of the frequency 
deviation system is the lack of amplitude 
stability requirements throughout the 
main portion of the system. Phase 
stability is the criterion here, and is in 
general a bit easier to maintain. Cable 
lengths up to several wave lengths may 
be employed with little difficulty. Zero 
adjustments are easily made on this 
system by using stable receiving-type tun¬ 
ing elements in convenient portions of the 
circuit. The frequency response of the 
system is dependent primarily on the fre¬ 
quency metering circuit, which is capable 
of wide range adjustment. Additional 
frequency meters may be provided at re¬ 
mote locations with little difficulty. 

The frequency deviation system is 
readily adapted to a mechanical servo 
type of indicator or recorder. The out¬ 
put of the discriminator provides the 
signal for controlling a motor driving 
phase adjusting elements in either the 
amplifier or mutual inductance circuits. 
An indicator or recorder can be coupled 
to the motor shaft. 

An example of an application of the 
foregoing discussion is shown in Fig. 4. 
In this case the mechanical thickness of a 
large dielectric shell was desired. Owing 
to the size and shape of the shell, use of 
mechanical micrometers was inconven¬ 
ient and difficult. A means of measure¬ 
ment was needed both while the shell was 
undergoing manufacture on a cast-iron 
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Fig. 4. Thickness gau^e in operation 
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mandrel and after the completed part was 
removed. 

To provide a metal reflector on one 
side of the shell after its removal from the 
forming mandrel, a piece of aluminum foil 
backed by a resilient pad is pressed 
manually against the shell from its in¬ 
terior. The mutual inductance coil struc¬ 
ture is applied to the outside of the shell 
at the same point and rocked until a 
minimum reading is obtained. The foil 
and coil structure are moved to another 
spot and the measurement repeated. 

The range of indication of this instru¬ 
ment is 0.2 to 0.4 inch. The indicated 
reading must, of course, be corrected for 
curvature of the shell at the point being 
measured. As shown in Fig. 4, the sur¬ 
face is not cylindrical but has a continu¬ 
ously varying curvature. A correction 
curve was established by finding the in¬ 
dication error at various points on the 
mandrel and plotting this as a function of 
distance along the mandrel axis. The 
appropriate correction for any point on 
the dielectric surface can be determined 
from this curve and subtracted from the 
reading to obtain actual thickness. 
Measurements so obtained are reproduc¬ 


ible within less than 1 per cent. 

The mutual inductance sensing element 
of this instrument was constructed with 
coil diairieters of 0.5 and 2 inches. This 
configuration was chosen as a compromise 
between linearity, curvature error, and 
sensitivity. 8 

Other applications of the mutual in¬ 
ductance principle are currently being 
made to problems of vibration and coating 
thickness measurement. An instrument 
employing the frequency deviation system 
is now being employed to measure vibra¬ 
tion amplitudes of the order of a few 
microinches peak amplitude at fre¬ 
quencies of the order of kilocycles in the 
presence of much larger amplitude low- 
frequency vibration. 

In conclusion it may be stated that an 
instrumentation method has been de¬ 
veloped to the point of predictable design 
for the measurement of distance and 
vibration amplitude through the distor¬ 
tion of a magnetic field by conductors. 
Practical instrumentation may be de¬ 
signed for full scale ranges as low as 0.005 
inch and as high as 1 inch. Measurement 
may be made through a wide variety of 
dielectrics to an otherwise inaccessible 


metal surface, and the absence of appreci¬ 
able forces inherent in the measuring proc¬ 
ess allows use on delicate systems. High 
stability, rapid response, and remote 
indication are obtainable without great 
cost or complexity. 
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One Approach to a Video SHF Relay 

System 


dally available which may be incorporated 
in the design of a system for operation in 
this region. It therefore is taken as a 
design objective that the ideal relay sys¬ 
tem will utilize frequencies in the 6,000- 
mc band. 


R. H. COE F. 

NONMEMBER AIEE A! 

T HE authors’ company is engaged in 
common carrier communications serv¬ 
ice in Southern California. One of the 
many services offered by the company is 
the provision of video transmission fadli- 
ties between any points spedfied within 
the area. Permanent transmission facili¬ 
ties have “been provided over prindpal de¬ 
mand (backbone) routes and portable 
microwave relay systems interconnect 
branch points to the permanent system. 

An ideal microwave relay system for 
this service application must be readily 
portable by the personnel assigned to 
operate relay points, designed to operate 
in a portion of the frequency spectrum 
allocated for common carrier use, and 
have, available suffident radio-frequency 
(r-f) power to meet the path length re¬ 
quirements. These requirements will be 
individually considered. 


F. McCLATCHIE 

;SOCIATE MEMBER AIEE 

System Requirements 

Portability 

Normally two men are available at a 
relay point during the installation and cir¬ 
cuit line-up operation. A significant 
saving in labor expense is realized if these 
men can transport the relay system to the 
operation point without assistance. Con¬ 
sidering that relatively inaccessible high 
points frequently make ideal relay loca¬ 
tions, a weight limitation of approxi¬ 
mately 50 pounds per component has been 
adopted as a design objective for the ideal 
system. 

Frequency 

A portion of the frequency spectrum 
around 6,000 megacycles (me) has been 
allocated for common carrier use. There 
are reliable circuit components commer- 


R-F Power 

Terrain features in Southern California 
provide many natural ideal microwave 
relay locations. Frequently it is possible 
to obtain line of sight paths in excess of 50 
miles. To provide high-quality micro- 
wave channels over paths of this magni¬ 
tude, with reasonable fading margin, r-f 
power in the order of 1 watt should be 
available. 
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Fig* 1. Customer orders 
versus total length of facil¬ 
ity. Based on 242 orders 
for service between 9-1- 
1949 and 1-20-1954 


follows from this arrangement is extrava¬ 
gant in maintenance spare equipment 
and operator time required for system 
alignment. Variable wave meters pro¬ 
vided at the transmitter and receiver per¬ 
mit the rapid interchange of one main¬ 
tenance spare equipment with any other 
system in the event of relay link failure. 


Choice of System 

A study of the economic aspects of the 
ideal system versus available microwave 
relay systems would in part consider total 
length of path per customer order, simul¬ 
taneous service demand, relay systems re¬ 
quired to meet customer requirements, 
and plant investment necessary to meet 
customer requirements. Figs. 1 through 
4 tabulate this information. The total 
plant investment required to meet serv¬ 
ice demand is not used in these con¬ 
siderations. These figures represent only 
the costs of the microwave relay systems 
and no maintenance, testing, transporta¬ 
tion, or other expenses have been in¬ 
cluded. 

It was determined from considerations 
similar to the foregoing that the ideal sys¬ 
tem would be a desirable facility for m* 
in the company’s operations and steps 
were taken to procure such a system. It 
was found that none was available in suffi¬ 
cient quantities to meet the anticipated 
demand but that existing Radio Corpora¬ 
tion of America (RCA) TRR/TTR sys¬ 
tems could be modified to meet the re¬ 
quirements of the ideal system. 

Many factors entered into the con¬ 
siderations prior to the choice of a system 
for operation in the 6,000-mc band. Two 
of the more pertinent were that most of 
the company operating personnel were 
familiar with RCA systems and that a 
significant number of the systems were in 
company plant. All factors being ade¬ 
quately considered, it was decided tha t 
system requirements could be met with 
modified RCA relay systems. 



Fig. 2. Relay links established versus link 
length. Based on 460 relay links established 
between 9-1-1949 and 1-20-1954 


A brief technical summary of the elec¬ 
trical specifications of RCA TTR/TRR 
and RCA TTR/TRR modified SHF relay 
systems is presented in Table I for those 
not familiar with this microwave relay 
equipment. 

Fig. 5 shows the complete relay system, 
less antennas, connected through a varia¬ 
ble attenuator for testing. 

General Modification Considerations 

The modification incorporates in the 
basic 5-unit relay system the enunciated 
design criteria as well as improvements 
which were suggested as a result of experi¬ 
ence gained from 462 links established 
under varied conditions since 1949. A 
discussion of these field-sponsored im¬ 
provements follows. 

An integral variable wavemeter, ac¬ 
cessible to the operator during system 
use and illuminated for night operation, 
has been incorporated in the transmitter 
unit and receiver unit design. Fig. 6 
shows the transmitter wavemeter in posi¬ 
tion. Minimal government requirements 
may be met with a fixed transmitter wave¬ 
meter but the method of operation which 


The wavemeter being accessible to the 
operator during system use permits the 
following additional applications: At 
the transmitter it is possible to monitor 
klystron frequency drift, execute a klys¬ 
tron linearity adjustment, test the klys¬ 
tron deviation sensitivity, and monitor the 
video signal contained in the r-f output 
of the transmitter; at the receiver location 
it is possible to measure transmitter fre¬ 
quency, rapidly realign the system after 
replacing the local oscillator tube, and 
identify the frequency of any interfering 
SHF signal. 

A video input switching arrangement 
has been provided at the transmitter 
which selects one of two terminated cus¬ 
tomer feeds, an external test signal input, 
or an internally generated 60-cycle test 
level. This arrangement facilitates sys¬ 
tem alignment, in-service switching of cus¬ 
tomer video signals, and rapid isolation 
of trouble conditions. 

A new transmitter video amplifier pro¬ 
vides 32-decibel (dbv) gain. There are in 
out company plant TE relay systems 
which are nominally rated at 1-Volt peak- 
to-peak video output. This is below the 
1.4-volt peak-to-peak video input level 
nominally specified for the TTR relay 


Fig. 3 (right). System tan¬ 
dem operation limits. Relay 
systems versus total facility 
length 

System A—2/10 watt, 57-inch 
antenna, 52-db video peak to 
peak/rms noise 

System B—1/10 watt, 72-inch 
antenna, 52-db video peak to 
peak/rms noise, RCA TTR/TRR 
System C—1 watt, 72-inch 
antenna, 52-db video peak 
to peak/rms noise, RCA TTR/ 
TRR modified 


Fig. 4 (right). Based oh Fig. 3 
and cost of relay systems only ' 
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Table I. Electrical Specifications of RCA Relay Systems 


Modification Procedure 



Emission.frequency- 

modulation 

Frequency band, me. 6,500-7,050 

Transmitter frequency deviation each side of center, me. 6 

Nominal video input, volts peak to peak... 1.4 

Receiver intermediate frequency (i-f), in me, centered about. 126 

Receiver i-f and discriminator bandwidth, me. 16 

Nominal power output of transmitter, watts. 0.1 

Nominal video output of receiver, volts peak to peak. 1.4 

Number of subunits. 5 


frequency 

modulation 

5,600-7,200 

4 

0.5 

126 

20 

1 

1.5 

5 


transmitter. The new nominal video on these units. The interlock disabling 

input to transmitter level of 0.5 volt operation creates the possibility that sys- 

peak to peak made possible by the trans- terns might be returned to service with the 

mitter redesign eliminates a requirement interlock system electrically by-passed, 

for a portable amplifier, which was for- A positive safeguard against this dan- 

merly interposed between the receiver of gerous possible error is provided in a 

the TE relay systems and TTR transmit- mechanical interlock by-pass that simul- 

ter units, when tandem operation was taneously prevents the positioning of the 

utilized. unit for service when personnel interlock 

Two operator communication systems protection is disabled. Fig. 7 shows the 

have been provided which permit the use interlock by-pass in its on and off posi-. 

of either local battery or common battery tions. 

telephone sets. Power for the common The susceptibility of the receiver to 
battery system is obtained from the fila- extraneous intermediate amplifier inter¬ 
ment supply through a suitable rectifier ference has been reduced by shielding the 

and filter combination. The local battery receiver unit, double shielding control, 

communication system may be inter- and camera cables and filtering all ex- 

connected to telephone company 2-wire posed leads. The combined result of 

maintenance circuits where regulations these measures is better than 60-db sup- 

permit. pression of a test interfering signal at 

Meter facilities are provided for input 127.7 me. Fig. 8 shows the grounding 

voltage and all regulated potentials. ring and finger stock arrangement applied 

The meter selector switch can be operated to the receiver unit, 
through the various steps without intro- A differential phase and differential gain 

during picture interference and a trans- equalizer applique has been designed for: 

former ratio selector switch has been in- use when NTSC color signals are trans- 

stalled to facilitate operation in areas mitted over the system. In this connec- 

where commercial power sources are not tion three separate 2-link services have 

well regulated. been established which measured zero 

An interlock arrangement for personnel differential phase and zero differential 
protection has been inserted in the sys- gain when properly equalized. 
tpm power supply leads. It is recognized Considering each component of the 
that maintenance personnel must disable relay system individually, the following 
this protection arrangement when working steps are taken to modify the system. 

Fig. 5 (left). Relay sys¬ 
tem assembled for test 


Fig. 6 (right). Trans¬ 
mitter wavemeter 

mounted in unit 



Transmitter Unit 

The tran smi tter unit is illustrated in 
Fig. 9. Choice of the wave-guide coupled 
X26 klystron specified the design of a new 
wage-guide section, air cooling system, 
and mechanical tuning drive. The trans¬ 
mitting wave guide consists of a straight 
section of RG-50-U guide connecting the 
klystron to the antenna feed horn and a 
30-db directional coupler for sampling 
the tr ansmi tted energy without affecting 
the operation of the klystron. An ad¬ 
justable probe is located in the low level 
portion of the directional coupler to sam¬ 
ple the transmitted energy. This probe 
is connected to the wavemeter assembly 
through a detachable coaxial cable. The 
resulting wave-guide assembly presents 
a standing wave ratio of not more than 
1.05 to 1 to the klystron when the wave 
guide is properly terminated. 

The proximity of the blower motor to 
the klystron presents some klystron 
modulation problems. The magnetic 
field surrounding the blower motor may 
frequency-modulate the klystron by its 
action upon the bunching of electrons in 
the electron beam. This modulation is 
reduced below the residual 60-cyde level 
by positioning the motor for minimum 
modulation. 

The klystron mechanical tuning drive 
is geared so that full rotation of the shaft 
will cause a frequency change of approxi¬ 
mately 25 me. This is the frequency 
shift necessary to tune to an adjacent 
channel. As a further operating con¬ 
venience, both the wavemeter and tuning 
control operate on the frequency in the 
same manner when rotated in the same 
direction. 

A coaxial-type wavemeter was found 
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Fig. 7. Transmitter interlock by-pass arrangement in on and off positions Transmitter unit 


to be the most durable and least expen¬ 
sive for use in the confines of the trans¬ 
mitter unit. The coaxial input to the 
wave meter is particularly well suited to 
the coaxial nature of the crystal matching 
network and flexible coaxial connection 
to the wave guide. Fig. 10 shows the 
wavemeter and crystal matching network. 
The coaxial input connects at point A. 
The 1/4 wave section is a mechanical sup¬ 
port for the other sections and has little 
effect on the performance of the wave- 
meter over the 5.8 to 7.2-kilomegacyde 
operating range. The optimum crystal 
location is at point A. To circumvent 
mechanical difficulties, the crystal was 
located at the end of a half-wave section. 
This section transfers the impedance of 
the crystal to the end of the interconnect¬ 
ing cable. Another half-wave section 
transfers the impedance of the wavemeter 
to the end of the interconnecting cable. 
A reactance is placed in series with the 
half-wave section coupling to the wave¬ 
meter to decouple the wavemeter from 
the crystal and decrease loading of the 
wavemeter by the crystal. This react¬ 
ance is adjusted until crystal current re¬ 


duction caused by the resonance of the 
wavemeter is one-half of the off-frequency 
crystal current. This design makes posi- 
sible the mounting of a wavemeter at a 
point distant from the wave-guide plumb¬ 
ing. This distance is limited only by the 
loss in the coaxial cable, the sensitivity of 
the meter, and the available r-f power. 

The wavemeter scale is illuminated by a 
dial light to facilitate system operation 
after dark. This light simplifies the work 
of field forces operating the equipment 
under adverse weather conditions in ex¬ 
posed locations. Under certain condi¬ 
tions of operation, i.e., pole-top mounting 
or platform mounting, an accident hazard 
is created if the operator must hold a flash¬ 
light in one hand to perform necessary 
tuning operation. 

The crystal current and the modulation 
component of the wavemeter output may 
be monitored at the transmitter unit at 
jacks provided for the purpose. The 
video component of the off-the-air moni¬ 
tor must be amplified and transformed to 
a lower impedance for transmission 
through a coaxial cable to the control unit. 
A single stage of amplification, connected 


to a cathode follower for impedance 
matching, is used for this purpose. 

Two stages of amplification are added 
to the single stage of the previous ampli¬ 
fier to obtain 32 db gain in the transmitter 
video amplifier. Feedback was used to 
stabilize the amplifier frequency and gain 
characteristics against tube variations 
and aging. The first two stages are con¬ 
nected in cascode to reduce plate current 
requirements and to simplify interstage 
coupling. Fig. 11 illustrates the circuit 
used. The video amplifier frequency re¬ 
sponse will remain flat within ±0.3 db 
from 15 cycles to 8 me despite transcon¬ 
ductance variations of 20 per cent in the 
video amplifier tubes. The bandpass of 
the amplifier between 6-db points is 3 
cycles to 9.5 me at 32 dbv gain. Fig. 12 
illustrates typical gain-frequency runs 
obtained. Phase shift below 15 kc, as 
measured by Lissajous figures, is 0 at 20 
cycles and rises to 11 degrees at 10 cycles 
and 23 degrees at 5 cycles. The output 
impedance of the amplifier is reduced to 
900 ohms by the feedback, thereby reduc¬ 
ing the effect of variations in klystron 
input and wiring capacities on the fre¬ 
quency response. 

The d-c restorer is a 6AL5 miniature 
diode. Germanium diodes are unsatis¬ 
factory for this application because the 
hack resistance of the crystals vary with 
changing operating temperature. Silicon 
junction diodes may make excellent d-c 




Fig. 8 (left). Re¬ 
ceiver grounding 
ring and finger 
stock 


Fig. 10 (right). 
Coaxial wave¬ 
meter and crystal 
matching section 


C°e > McClatchie One Approach to a Video SHF Relay System September 1954 


326 











Curve A—Transmitter video amplifier 
Curve B—Receiver video amplifier 
Curve C—Over-all response 


restorers when they are commercially 
available. D-c restorers are not used on 
systems transmitting NTSC color signals 
because the rise time of the leading edge 
of the sync pulse deteriorates if d-c re¬ 
storers are employed with the equalizers 
used in this service application. 

The transmitter unit interlock may be 
by-passed for maintenance purposes by 
rotating a butterfly device that holds 
down the interlock switch and simul¬ 
taneously covers a hole through which a 
mounting stud must pass when the trans¬ 
mitter chassis is replaced in its case; 
see Fig. 7. This arrangement prevents 
positioning of the transmitter unit for 
service until the interlock action has 
been reactivated. 

Two independent operator communica¬ 
tion facilities are provided between the 
transmitter unit and the control unit. 
One facility consists of a pair of wires 
terminated in connecting posts. This 
facility is used with magneto sets and may 
be connected to an order wire at the con¬ 
trol unit location. So arranged, an 
operator at the transmitter unit may talk 
to the operator at the receiving end of this 
microwave link during antenna align¬ 
ment operations. The second facility is 
intended for use between the transmitter 
unit and control .unit, and consists of an 
internal power supply and a pair of wires 
terminated at each end in standard double 
phone jacks. The power is obtained 
from the 6.3-volt filament supply, through 
a suitable rectifier and filter system. 

Transmitter Control Unit 

The requirements that obtain with 1 
watt output operation require the fabri¬ 
cation of a complete unit. Fig. 13 shows 
the new unit. The power requirements 
for the modified transmitter are: 750 
volts ±1.0 volt at 0.08 ampere, 310 volts 
±10 volts at 0.06 ampere, and a negative 
supply variable between 250 and 400 volts 
with a permissible variation of ±0.3 


volt at any setting of the repeller voltage 
control. The limits are based on the 
requirement that the allowable power 
supply variations will not cause a fre¬ 
quency variation in excess of ±0.1 me in 
the transmitting klystron. 

A novel combination of circuits is used 
to attain the precise regulation necessary 
to maintain the desired frequency sta¬ 
bility in the transmitting klystron. Fig. 
14 is a schematic diagram of this voltage 
regulator circuit. Gas tube voltage regu¬ 
lators are used to derive the repeller 
voltage. It is characteristic of these 
tubes that the output voltage varies in¬ 
crementally as the a-c supply changes. 
To circumvent this characteristic, a pen¬ 
tode with fixed control grid and screen 
grid voltages is placed in series with the 
voltage regulator tubes as a regulator for 
the current through tlie voltage regulator 
tubes. In effect the pentode acts as a 
current limiting resistance. As the a-c 
line voltage varies, the resistance of the 


pentode operates to maintain the current 
constant. The resultant regulation is 
on the order of 0.0025-per-cent repeller 
voltage change for each 1-per-cent change 
in line voltage, while 0.0054 per cent 
would suffice to meet the requirements 
just outlined. 

The 750-volt supply for the accelerator 
anode of the klystron is regulated by a 
series tube regulating circuit to which 
has been added a secondary control fea¬ 
ture that samples the unregulated voltage 
and adjusts the resistance of the series 
regulating tube to cancel out the effect of 
power line variations. The effective¬ 
ness of this circuit is such that variations 
in line voltage from 85 to 135 volts will 
result in less than a 0.4-volt change in the 
760-volt supply. The 310-volt supply for 
the video amplifiers is derived from the 
750-volt supply through a series resist¬ 
ance and is stabilized with voltage regula¬ 
tor tubes. 

A display of the video signal obtained 
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Fig. 14 (above). Regulated repeller voltage supply. Ad¬ 
justable between —250 volts and —400 volts 


Fig. 16 (right). Receiver control unit 


from the r-f output of the transmitter is 
transmitted through coaxial cable to the 
•control unit and is available for monitor¬ 



ing on the front panel as are the monitors 
for the video input and output cables. 
Complete metering facilities are provided 
for all regulated voltages, klystron cur¬ 
rent, power line voltage, and wavemeter 
crystal current 

Input voltage variation in remote loca¬ 
tions necessitated an adjustable, tapped 


guide. An adjustable probe in the direc¬ 
tional coupler samples the beating oscilla¬ 
tor frequency and is connected to a varia¬ 
ble wavemeter as described in the section 
titled “Transmitter Unit.” The beat¬ 
ing oscillator excites the mixer crystal 
located in the end of the main section of 
the guide. Beating oscillator radiation 


and gain against tube variations and 
aging. The output impedance of the 
video amplifier was reduced to 75 ohms, 
thereby reducing reflections on the trans¬ 
mission line. A gain control that will 
not affect the frequency response has been 
added to the video amplifier. An input 
to the transmitter of 0.5 volt results in a 


input winding on the power transformer, 
To facilitate field adjustment, the taps 
are terminated in a switch located on the 
front panel. In practice, the tap that 
causes the line voltage meter to read cor¬ 
rectly is selected. 

An interlock has been provided on the 
rear cover panel of the power supply. 
This interlock may be bridged for main¬ 
tenance purposes but it is so constructed 
that when the cover is replaced the inter¬ 
lock is automatically reactivated. 

Receiver Unit 

The receiver unit is illustrated in Fig. 
15. The X26 klystron beating oscillator 
is coupled through a 20-db directional 
coupler to the main section of the wave 



Fig. 15. Receiver unit 


is reduced to a minimum by this arrange¬ 
ment. 

The klystron mechanical tuning drive 
is similar to the tuning drive in the trans¬ 
mitting unit in that approximately one 
turn is required to shift one channel and 
that the wavemeter and tuning drive 
operate on the frequency in the same 
manner when turned in the same direc¬ 
tion. 

The wavemeter in the receiver unit is 
identical to the transmitter wavemeter 
and may be exchanged with it if neces¬ 
sary. The wavemeter crystal current 
may be measured at both the receiver 
unit and the control unit for maximum 
operational flexibility. 

I-f band-pass characteristics are critical 
in multiple link operations; therefore 
additional effort is expended to maintain 
a flat 20-mc bandpass. The loss of gain 
brought about by widening the i-f band¬ 
width was made up by increasing the 
screen voltage of the 6AK5 amplifier 
tubes. Noise levels of ten preamplifiers 
measured between 75 and 87 db below 
1 milliwatt. Interference suppression 
measures have been included in the de¬ 
sign. 

The interlock and communications 
facilities provided on the receiver unit are 
identical to those on the transmitter unit. 

Receiver Control Unit 

Fig. 16 shows the receiver control unit. 
The new video amplifier is of feedback 
design to stabilize the frequency response 


1.5-volt signal at the receiver when the 
receiver and transmitter gain controls 
are on the top step. 

The bandpass of the main i-f amplifier 
must meet the requirements outlined for 
the i-f preamplifier in the receiver unit. 
Interference suppression features have 
been included in the design. 

Transient interference introduced into 
the video output of the unmodifier system 
when the meter switch was operated was 
eliminated with circuit revisions which 
make possible in-service switching of the 
panel meter. Arrangements were made 
to monitor the wavemeter crystal current 
at the control unit. If the wavemeter is 
left “on frequency” then the receiver may 
be tuned to the correct frequency from 
the control unit by adjusting the repeller 
voltage and observing the dip in reading 
of the wavemeter current when the correct 
frequency is reached. This operating fea¬ 
ture is useful when the receiver unit is 
located at a point remote from the control 
unit. 

One-man operation of the receiver loca¬ 
tion has been made possible by providing 
controls for adjustment of the beating os¬ 
cillator frequency at the receiver unit as 
well as at the receiver control unit. 

Conclusions 

The attempt to approach an ideal SHF 
relay system through the modification of 
an RCA TTR/TRR system has lead to 
the following conclusions. 
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1. It is possible to retain the desirable fea¬ 
tures of a TTR/TRR relay system when it 
is modified to meet the special needs of a 
communications company. 

2. Significant savings in maintenance costs, 
operation costs, and plant investment are 


to be derived from the use of higher r-f 
power output. 

3. Short-range operations (up to 40 miles) 
are simplified through the reduction in num¬ 
ber of relay links required to give service. 

4. Long facilities may be established which 


could not be attempted with equipment 
previously available. 

- ♦- 

No Discussion 


The Use of Sphere Gaps at 
Radio Frequencies 

CHARLES B. OLER 

MEMBER AIEE 


F OR many years the sphere gap has 
been used for measuring high voltage 
at power frequencies 1 ’ 2 and it is also used 
for impulse testing. However, at present 
the sphere gap is not an accepted standard 
for the measurement of radio-frequency 
voltages. This is largely attributable to 
the lack of complete data on the spark- 
over values of sphere gaps in air, at radio 
frequencies. Some results have been 
published 3-6 but they are not altogether 
consistent and the spectrum of frequen¬ 
cies covered is far from complete. 

This paper presents the results of stud¬ 
ies on the spark-over voltage for 2- 
centimeter (cm) sphere gaps at frequen¬ 
cies from 300 kc to 12.5 megacycles (me), 
with voltages ranging up to a 20-kv peak. 
Some data on 6.25-cm spheres, in the 
lower part of the frequency range, are 
also included. The results are shown in 
the curves in Figs. 1 to 5. 

It is concluded that the sphere gap can 
serve as an accurate and reliable measur¬ 
ing device for voltages in the range of fre¬ 
quency covered. For best results the 
spheres should be irridiated by ultra¬ 
violet light or some other source of ioniza¬ 
tion should be provided. It is also found 
that the spark-over voltages show a transi¬ 
tion from values which are essentially the 
same as those at power frequencies to 
values which are about 16 per cent lower. 
This change is attributed to an accumu¬ 
lation of ions in the gap at higher fre¬ 
quencies and larger gap values and it is 
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estimated from the data that the average 
ion mobility in air at normal pressure is 
approximately 8 cm per second per volt 
per cm. 

The Use of Sphere Gaps at Power 
Frequencies 

The measurement of high voltage at 
power frequencies can readily be made 
with good accuracy by using sphere gaps. 
Tabulated values of spark-over voltages 
in air for spheres of various diameters 
and spadngs are given in reference 1. A 
simple correction for air density must be 
made, because the dielectric strength of 
air is roughly proportional to its density. 
It should be noted that the sphere gap is a 
peak-reading or crest voltmeter. Al¬ 
though the gap spacing is critical in deter¬ 
mining the spark-over voltage, the size 
of the spheres is not, so long as the gap 
is small compared to the diameter of the 
spheres. Under these conditions the 
electric field in the gap, along the axis of 
the spheres, is fairly uniform. When 
used for measuring voltage, sphere gaps 
have the disadvantage that the spark- 
over imposes practically a short circuit 
on the voltage source. Consequently it is 
customary to connect a fairly high resist¬ 
ance in series with the sphere gap. 

Theory of Spaxk-Over 

The generally accepted theory of the 
spark-over of a gap 7 postulates that elec¬ 
trons existing in the gap are attracted to¬ 
ward the anode and, if the electric field 
intensity is great enough, they acquire 
sufficient energy during the traverse of a 
mean free path to ionize a molecule on 
collision. This produces more electrons 
and an “avalanche” is formed which 
sweeps toward the anode and leaves in its 
trail a highly ionized column of air. The 


velocity of this process has been studied 
by many investigators and found to be of 
the order of 10 8 cm per second, which is 
greater than can be accounted for by the 
mobility of the electrons. It is therefore 
believed that the ionized core of the ava¬ 
lanche emits light photons, some of which 
cause ionization in advance of the ava¬ 
lanche. Spark-over occurs when an ion¬ 
ized path completely bridges the gap. 

Effects of Irradiation 

The initiation of the spark-over mech¬ 
anism requires the existence of some elec¬ 
trons in the gap. Hence there is some un¬ 
certainty in the value of voltage at which 
a gap will break down, unless the voltage 
is maintained for a reasonable time. In 
other words, the process involves an un¬ 
predictable time lag. To reduce this un¬ 
certainty it is sometimes the practice to 
irradiate the sphere gap, using ultraviolet 
light, X rays, or emissions from radio¬ 
active materials. A generous supply of 
electrons in the gap is thus assured, the 
spark-over time lag is reduced, the the ob¬ 
served values of breakdown voltage are 
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Fig. 1. Sphere gap spark-over voltages at 
308 kc. Data include 2- and 6.25-cm 
spheres, with no perceptible difference in 
results. Sphere gap vertical with the lower 
sphere grounded 
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Fig. 2. Sphere gap spark-over voltages at 
750 kc. Data include 2- and 6.25-cm 
spheres 


more consistent. Irradiation g enerall y 
lowers the spark-over voltage somewhat. 8 
At power frequencies, it is usually con¬ 
sidered necessary only for short gaps. 

Use of Sphere Gaps at High 
Frequencies 

Some modification of practice and 
theory is needed when the sphere gap is 
used at high frequencies. In the first 
place, spheres of large diameter are un¬ 
suitable because of the excessive charging 
current they would draw prior to spark- 
over. For example, 6.25-cm spheres 
spaced 0.5 cm apart would draw several 
amperes if the applied voltage were 10 
kv at 10 me. Hence small spheres are 
virtually necessary and, since sphere 
gaps cannot be employed with much 
reliability at gap spadngs greater than 
the sphere diameter, it is evident that 
their use at high frequencies is restricted 
to relatively low voltages. Also, be¬ 
cause of the appreciable charging cur¬ 
rents, the use of high resistance in series 
with the gap will lead to inaccuracies. 

In addition, irradiation is almost a 
necessity at high frequencies. Consider 
that at 10 me a sine wave attains 95 per 
cent or more of its crest value for only 10" 8 
second during each half-cycle. Hence 
time lags in the spark-over process would 
lead to results much more erratic than 
those at power frequencies. 

The avalanche theory of the spark- 
over is applicable so long as the electrons 
encounter many collisions during each 
cycle of applied voltage. However, if the 
frequency is so high or the gas pressure so 



Fig. 3. Sphere gap spark-over voltages at 
2,088 kc. Data include 2- and 6.25-cm 
spheres 


low that the electrons experience man y 
cycles of applied field between collisions, 
then this theory is not considered applica¬ 
ble. 7 In air at atmospheric pressure dec- 
trons will encounter many collisions dur¬ 
ing each cycle if the frequency is less than 
approximately 10 10 cycles per second. 
Hence theoretical considerations of radio¬ 
frequency spark-over at atmospheric 
pressure can be based on the avalanche 
concept. 

Experimental Procedure 

To test the performance of sphere gaps 
at radio frequencies it was necessary to 
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Fig. 4. Spark-over voltages for 2-em sphere 
at 4,873 kc 


devise a suitable method of accuratdy 
measuring the voltages involved. For 
this purpose a vacuum-tube voltmeter, 
with associated capacitance divider, was 
constructed and calibrated. Its error is 
estimated to be less than 2 per cent. 
This type of voltmeter is particularly 
suitable because it is a peak-reading in¬ 
strument. Calibration of the voltmeter 
was accomplished by simultaneous read¬ 
ings of the voltmeter and of the current 
drawn by a known capacitor, when these 
were both connected to the high-voltage 
source. A thermocouple and associated 
microammeter previously calibrated on 
direct current were used to measure the 
capacitor current. The voltmeter was 
calibrated up to a 20-kv peak, using fre¬ 
quencies ranging from 300 kc to 5 me. 
No variation with frequency was found. 

A schematic diagram of the circuit ar¬ 
rangement used for the sphere gap tests is 
shown in Fig. 6, which also shows the 
basic circuit of the voltmeter. Capaci¬ 
tances Ci and C 2 comprise a voltage divider. 
Ci is an air capacitance formed by two 
disks approximately 4 inches and 1 inch 
in diameter respectively and mounted l 1 /* 
inches apart. The smaller disk is sur¬ 
rounded by a guard ring. The value of 
Ci is calculated to be 0.093 micromicro¬ 
farads (mmf). C 2 is a 25-mmf mica capa¬ 
citor, plus the additional capacitance to 
ground of the smaller disk and the neces¬ 
sary wiring. The value of C 2 was found 
by measurement to be 33 mmf . The 
ratio of the voltage divider is therefore 
approximately 350 to 1. A type-P55 
vacuum tube is used in the voltmeter 
with grid and plate tied together to form 
a diode. The resistance R is 3 megohms. 
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Fig. 5. Spark-over voltages for 2-cm spheres 
at 8,015 and 12,500 kc 
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Fig. 6. Schematic circuit of the testing setup 


The time constant i?C 2 is approximately 
100 microseconds, permitting use of the 
instrument at frequencies as low as 300 kc 
without appreciable error due to decay 
of the voltage across C 2 between cyclic 
peaks. Also, the susceptance of C 2 at 
300 kc is approximately 200 times the con¬ 
ductance of i? 2 , so the ratio of the capaci¬ 
tance divider is negligibly altered by the 
shunting effect of R 2 . A 0-10 microam¬ 
meter having 1/2 per cent or less error is 
used to measure the diode current. The 
over-all effective capacitance of the volt¬ 
meter is approximately 5 mmf, attributa¬ 
ble mostly to the capacitance between the 
guard ring and the 4-inch disk mounted 
1V 2 inches above it. 

Two navy-type radio transmitters 
served as sources of test voltage. One 
was rated 1 kw from 300 kc to 2 me, and 
the other was rated 500 watts, from 2 to 
18 me. The high voltages were obtained 
by using a series-resonant inductance- 
capacitance load circuit. This arrange¬ 
ment kept the harmonics at a minimum 
and wavemeter tests consistently showed 
negligible harmonic content in the out¬ 
put. The voltmeter and sphere gap were 
connected in parallel with the capacitance 
section of the inductance-capacitance load 
circuit, which further reduced the possi¬ 
bility of harmonic distortion in the test 
voltage. 

The load inductance L was any one of 
the three air-core coils, which had induct¬ 
ances of 500, 100, and 10 microhenrys 
respectively. For the lowest frequency 
used the load capacitance C was a 500- 
mmf mica capacitor. At the highest fre¬ 
quency the parallel capacitance to ground 
of the voltmeter, the sphere gap, and the 
connecting leads was sufficient to provide 
resonance with the 10-microhenry coil. 
For intermediate frequencies various 
values of C were simply constructed by 
mounting a metallic plate of appropriate 
size several inches above a ground plane. 

Two sphere gaps were used. The 
larger was a commercial type having 6.25- 
cm brass spheres. The smaller was spe¬ 
cially constructed for this study, having 
2-ctn brass spheres supported in a poly¬ 
styrene and plywood frame. In all tests 
the sphere gap was in a vertical position, 
with the lower sphere grounded. 


A simple source of irradiation was 
chosen and found to be adequate for the 
purpose. It was an ordinary mercury- 
arc-type sun lamp which fits into a stand¬ 
ard lamp socket. The glass bulb is a 
special kind which passes considerable 
ultraviolet light. The effect of this type 
of irradiation is to release photo electrons 
from the surface of the spheres. 

To get the test data a selected fre¬ 
quency was set up in the transmitter and 
a suitable coil and capacitance were ar¬ 
ranged to provide a series-resonant load. 
The capacitance included that of the 
sphere gap and the voltmeter. Within 
the transmitter were a variable loading 
coil and a variable coupling capacitor 
which permitted a smooth, vernier final 
adjustment for resonance. The sphere 
gap was then set at a definite gap spacing 
and the plate voltage on the output tubes 
of the transmitter was increased until a 
preliminary spark-over occurred. The 
voltage was then cut off and the load de¬ 
tuned slightly so that when plate voltage 
was restored to the output tubes the 
radio-frequency voltage across the sphere 
gas was about 90 per cent of spark-over 
value. This voltage was slowly in¬ 
creased by restoring the resonance, using 
gradual adjustment of the antenna load¬ 
ing coil or the coupling capacitor. Spark- 
over normally was then reached in ap¬ 
proximately 10 to 20 seconds. The trans¬ 
mitter was cut off manually as soon as 
spark-over took place, to avoid burning 
or pitting the spheres. Five such read¬ 
ings were taken and averaged for each 
data point, without irradiation of the 
spheres. The ultraviolet light was then 
turned on and five more readings were 
taken. Finally, the gap setting was re¬ 
checked before being reset to a new spac¬ 
ing. 

The atmospheric pressure was read 
from a mercury-column barometer. 
Temperature and humidity were recorded 
from a wet-and-dry bulb thermometer. 
The spheres were cleaned frequently with 
crocus cloth, carbon tetrachloride, and a 
soft doth, although deaning seemed to 
produce no noticeable effect on the re¬ 
sults. 

Results and Conclusions 

The results are presented in the curves 
in Figs. 1 to 5. Each point shown is the 
average of five successive readings, cor¬ 
rected to standard conditions of pressure 
and temperature (760-millimeter mer¬ 
cury pressure and 25 degrees centigrade). 
The principal conclusion is that there is 
very little variation in the results over the 
range of frequencies covered, from 300 
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Fig. 7. Summary of spark-over tests on 2-cm 
irradiated sphere gap. The 50-cycle data are 
from previously published results 9 


kc to 12.5 me. With the spheres irradi¬ 
ated the results are very consistent and 
repeatable. If the spheres are not irra¬ 
diated, the consistency is not as good, 
and the spark-over voltages are generally 
somewhat higher. 

The results are in general agreement 
with others previously published, which 
cover part of this frequency range. Ek- 
strand’s results® with 2-cm irradiated 
spheres at 700 and 1,800 kc agree very 
dosdy indeed. Seward, 4 using 1.4-cm 
spheres at 100,600, and 900 kc, and Alford 
and Pickles, 5 using 5-cm spheres at 13 me, 
reported spark-over values 10 to 15 per 
cent higher, but in their tests the spheres 
were not irradiated. Reukema’s results 3 
with 6.25-cm irradiated spheres, for fre¬ 
quencies from 28 to 425 kc are a few per 
cent lower, in the zone of overlapping fre¬ 
quencies, than the results presented here. 

A curious result is that for small gaps, 
if the frequency is not too high, the spark- 
over voltage is essentially the same as that 
for power frequencies. Then as gap 
length is increased there is a transition to 
spark-over voltages about 16 per cent 
lower than the power-frequency values. 
This effect is most clearly shown in Fig. 7 
where a summary of the results is pre¬ 
sented in comparison with published re¬ 
sults 9 for irradiated 2-cm spheres at 50 
cycles. It is evident that the gap lengths 
over which this transition takes place axe 
roughly inversely proportional to the fre¬ 
quency. This effect is attributed to the 
theory that with higher frequency and 
longer gap length the ions formed during 
a half-cyde of voltage are not swept out 
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of the gap before the field reverses. Con¬ 
sequently there is an accumulation of 
ions iu the gap. The space charge thus 
formed accounts for the lower values of 
spark-over voltage observed at the higher 
frequencies. From the relation between 
frequency and the gap length at which 
spark-over departs from the normal low- 
frequency values it is possible to calculate 
an approximate ion mobility. See the 
Appendix. 

Published results by Pirn 10 for frequen¬ 
cies from 100 me to 300 me, using plane 
parallel gaps of less than 1 millimeter 
length, show even greater reductions in 
spark-over values, which are attributed to 
an accumulation of electrons in the gap. 

Appendix 

The drift velocity v of an ion in a gas, 
under the influence of an electric field X 
volts per cm, is usually taken to be v=kX 
where k is the ion mobility expressed in cm 
per second per volt per cm. Assuming that 
ions are formed at the peak of an impressed 
sinusoidal electric field, their subsequent 
velocity would bev=kE cos 2rft where E is 


the peak field strength and / is the fre¬ 
quency. During the next quarter-cycle, 
until the field diminishes to zero, the ions 
will move a distance 



hence 


. 2irfd 

k ~~E~ 

Now, from Fig. 7, it can be concluded that 
at a frequency of 308 kc the ions are swept 
from the gap, for gap values of 1.25 milli¬ 
meters or less. Taking E to be 30,000 volts 
per cm, which is approximately the spark- 
over value for air, gives 

t 2 jt(308,000)(0.125) 

* " 30 000-“ 8 001 p6r second per 

volt per cm 
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Analysis and Synthesis of Sampled-Data 
Control Systems 
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Synopsis: The theory of sampled-data 
systems using the method of the z-transform 
is extended and clarified. In particular, the 
equivalence between the z-transform in its 
closed form and the infinite summation used 
by some investigators is shown. Important 
characteristics of the pulsed transfer func¬ 
tion, and initial and final value theorems are 
developed for the z-domain. An extensive 
table is given of z-transform pairs covering 
the most important and most commonly 
encountered system functions and input 
functions. The technique for stabilizing 
and shaping the pulsed transfer locus is 
demonstrated. In particular, the applica¬ 
tion of linear compensating networks in the 
conlmuous part of the system is investi- 

i ' , Desig11 criteria are obtained which 
relate the transient response of sampled- 
data systems and the frequency response. 

fONTROL systems having signals ap- 
’r* plied at equally spaced intervals of 
tune at one or more points of the system 
..and which receive no information be¬ 
tween two consecutive signals are known 
as sampled-data control systems. Such 
systems are introduced when information 
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to the system is received as intermittent 
data, and sometimes their introduction is 
required to gain sensitivity, at the ex¬ 
pense, however, of bandwidth. 

The analyses of sampled-data control 
systems have attracted the attention of 
many investigators in the field, both in 
this country and in Europe. Basically, 
the analyses applied by most writers in¬ 
volve the use of the Laplace transform. 
The objectives of such analyses are two¬ 
fold. One concerns itself with the output 
at sampling instants, where the z-trans¬ 
form method is best applicable, while the 
other seeks to obtain the output as a con¬ 
tinuous function of time using ordinary 
Laplace transforms. 

Synthesis and design of sampled-data 
control systems has not been thoroughly 
investigated where quantitative design in¬ 
formation can be achieved. Linvill’s 1 
investigation was the first attempt in the 
field to obtain design information. How¬ 
ever, the results obtained are approxi¬ 
mate, and unless checked by the z-trans- 


form method, the validity of approxima¬ 
tion is in doubt. 

Based on the z-transform method of 
analyses, 2-6 this paper introduces certain 
techniques that make possible the applica¬ 
tion of this method to system synthesis 
and design. The material introduced in 
the analysis is mainly concerned with the 
clarification and further extension wher¬ 
ever possible of the z-transform method. 
In particular, it is shown that the equiva¬ 
lence of the two different forms (the 
infinite summation and the closed form) 
of sampled-data system transfer function 
is obtainable by contour integration in 
the right as well as the left half of the 
complex frequency plane p. Further¬ 
more, the important characteristics of this 
transfer function are pointed out. Con- 
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* Fig. 1. Sampled-data system as given in equation 1, complex convolu 

LINEAR SYSTEM / tion 8 can be applied, thus 

I-' ——-o * * 



ditions for initial and final value theorems 
in the z-domain are developed. The ex¬ 
tensive list introduced in Table I is useful 
in readily obtaining the sampled-output 
response of such systems when subjected 
to various forms of inputs. 

Applying the circle locus method of 
mapping the system transfer function 
in the z-plane, the problem of shaping is 
much simplified. Furthermore, confin¬ 
ing the shaping of transfer loci to inser¬ 
tion of linear networks (although digital 
computers and pulsed networks can be 
used), the important effects of such net¬ 
works are represented. 

In correlating the graphical-mathe¬ 
matical relationship between the shape of 
the over-all transfer loci to the transient 
response of sampled-data control systems, 
a relationship between the maximum of 
the frequency response and the maximum 
of the sampled response of second-order 
systems is developed. 

Mathematical Background 


lates the transform of the continuous 
output to the input, so can a sampled- 
data system shown in Fig. 1 be described 
by a transfer function which relates the 
transform of the sampled output to the 
input. This sampled-data system trans¬ 
fer function is denoted as G*(e sT ) and 
defined as the Laplace transform of the 
product of the impulsive response of the 
linear system and chain of unit impulses 
repeated at equal interval T, thus 

G*(e sr )«JBrg(/)Sr(01 (1) 

where g(t) represents the impulsive re¬ 
sponse of the linear system, whose trans¬ 
form is G(s), and 8 T (t) represents a se¬ 
quence of unit impulses repeated at equal 
intervals T, and extended from minus in¬ 
finity to plus infinity. Since for relaxed 
systems 

g(/)=0 for/<0 (2) 

S T (t) in equation 1 need be considered 
only for positive values of time. Hence 
its transform can be expressed as 


Integration along the line c—j 00 to 
c-\-j co in the p-plane is equivalent to inte¬ 
gration in the negative sense along the 
closed contour formed by that line and 
the infinite semicircle which encloses the 
singularities of 1/(1 — € “ r(s-?>) ) in the 
right half £-plane as shown in Fig. 2. 
Evaluating this integral in this contour 
yields for G*(e sT ) the following 


G*(e sr ) 



G(s+jllO)r) 

T 


(S) 


where 
=integer 

2n 


( 6 ) 


Equation 4 is useful in obtaining an ap¬ 
proximate relation for G*(e sT ) when cer¬ 
tain conditions, such as when T is small 
or when G(s) is of low pass form, 1 exist. 

An alternate form of G*(e ) can be 
derived by differently evaluating the 
integration in equation 3. For the inte- 


Sampled-Data Systems Transfer 
Functions 

Just as continuous systems are charac¬ 
terized by a transfer function which re¬ 


£[«r(*)]~l+e 

Evaluating 




Fig. 2. Path of integration in the right half-plane of complex Fig. 3. Path of integration in the left half-plane of complex fre- 

frequency p quency p 
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uy mat nne ana tne mlmite semicircle in 
the left half-plane of complex frequency p, 
as shown in Fig. 3. Assuming 


where A(s ) and B(s) are polynomials in 
(s), and B(s) indudes only simple poles 
and is of higher order than A(s), G*(e T ) 
can be easily shown to be 
.v 

G*(* tT ) = - 1 _ (8) 


When the z-transformation of both sides 
of equation 12 is effected, then 

G i*(z)~-~G 0 *(z) (13) 

where G 0 *(z) is the z-transform of l/(r-f-a) 
which, can readily be obtained with the 
use of relation 8. Similarly, if 

cw 


and s n is a typical pole of G(s) and ex¬ 
tends from unity to N. 

Having derived the general rdation- 
ship as given in equation 8, in a dosed 
form, it is observed that G*(e 3T ) is a ra¬ 
tional function of e T3 , while all other 
t«ms are constants. Thus repladng 
« * by the auxiliary notation z, the sam- 
pled-data transfer function is referred to 
by Ragazzini and Zadeh 8 as G*(z) and 
called the z-transform of g(t) or alter- 
natdy of G(s). The equivalence of the 
infinite summation and the dosed form 
of G*(e T ) has been shown by many 
authors 2 - 8 and this is only another method 
of obtaining this equivalence. Some spe¬ 
cial cases will be reviewed. 

Consider 


and the corresponding z-transform of 
equation 14 is 

Ci«) 


where B(s) has multiple zeros of order n. 
To obtain the corresponding G*(z) of 
equation 10, obtain first the z-transform of 

a(s)= (TS); cu) 

Equation 11 can be written as 

aw -~lifeb) ci 2 ) 


G(S) "? (17) 

then the corresponding G*(z) is 

(18) 

The property of G*(z) as the z-trans- 
form ratio of the sampled output to the 
sampled input stems from the rdation 
lhat.theoutputas shown in Fig. 1 
is given by the superposition series as 
follows 3 

CO 

*«*(*)“ 2 9 r( t )Kt-mT)g(t)S[t—(n-m)T] 

(19) 

It has been shown 7 that the Laplace 
transform of equation 19 is given by the 
following 

-JBfo.*(<)]JB[g*(01 (20) 

Hence 

(2 n 

£&*(*)] V 21 ) 

Since 8 


3 6 e *(t) == de(t)S‘p(t) 

0 T *(i)=0 T (t)dr(t) (22) 

g*(t)=>g(t)S T (t) 

* then equation 21 can be written 

G*(z)J^ (2 „ 

0 T \Z) (23) 

Therefore the sampled-data transfer func¬ 
tion G*(z) relates the s-transfonn of the 
output to that of the input. 

Real Inversion of z-transform, 
Initial and Final Value Theorems 

The z-transform approach yields the 
output only at sampling instants, through 
a mathematical process known as real in¬ 
version. The real output at sampling 
instants can be obtained as the coefli- 
dent of the complex Fourier series ex¬ 
pansion of e*(z), expressed by the follow¬ 
ing real inversion equation 8 

0 c (nT) :Ji g c *(z)z” l dz (see footnote) 

(24) 

where T is a path of integration in the z- 
Plane that encloses all the singular points 
of the integrand in equation 24. 

To obtain the condition for the initial 
value of the sampled output, consider the 
z-transform of the output as follows 

8c*(z)=£[d c (t)5 T (t)] 

" f* 9 c(nT) e - nr *d(nT) (25) 

The path of integration in equation 25 
can be divided into two parts, from zero 
to one minus zero and from one minus 
zero to infinity. Performing the inte¬ 
gration, one can obtain the initial value 
theorem (for the derivation of which see 
Appendix II) 

<U0)-lta (26) 

°f p . ut * instants is 

aenotea as Vc(nT) and is related to the (mtn.it 
representation e 6 *(f) in the following rdaW 

»** 00 

*:*(/) - Oc(nT)S(t-nT) 

— co 
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where 8 c (nT) = 0 for n< 0. In a similar 
manner one may obtain the final value 
theorem 

lim [**(»r)]«lim — 0c*(z)| (27) 

z—*-1L z J 

if all poles of 6 c *(z) are inside the unit 
circle 

The maximum ordinate of 6 c (nT) can 
be found when the first difference A O e (nT) 
changes sign. The value of n, which 
ought to be integer, can be found by first 
solving the difference equation 

AO c (nT)=6 c (n+l)r-dc(nT)=0 (28) 

Table I lists the z-transform relations 
and their real inversion. 

Properties of Sampled-Data Transfer 
Function 

From equation 8 the following impor¬ 
tant properties of sampled-data transfer 
functions can be deduced: 

1. G*(z) is periodic in 5 with the imaginary 
period jw T . 

2. Asymptotic values of G*(z) —For values 
of s=>0, and s=jnw r /2, G*(z) is always real. 

3. The degree of the denominator of G*(z) 
in s -1 is equal to the degree of G(s) in s. 

4. The poles of G*(z) in the s-plane are the 
same as those of G(s ). 

5. Changing the values of the poles of G(s) 
changes the coefficients A (s n )/B '(s n ) as well 
as the terms 1/(1 —« -r( *“* n) ) in G*(z). 

6. Insertion of zeros in G(s) changes the 
coefficients A(s n )/B'(s n ) alone. 


7. Insertion of poles in G(s) increases the 
number of terms of G*(z) in the summation 
of equation 8; that is, N becomes larger and 
G*(z) will have more terms of the form 

_ A(sn) _ 

J3'(z„)[l-«- r <*- , «>] 

It will be shown later that these proper¬ 
ties are of importance in the synthesis of 
sampled-data control systems, because 
they correlate the effects of changing of 
poles and zeros of G(s) on the sampled- 
data transfer function G*(z). 

Stability Considerations 

A sampled-data system is considered 
to be stable if to a bounded input there 
always corresponds a bounded output. 
The stability conditions for such systems 
can be obtained if the output of Fig. 1 is 
written as follows 

0 e («r)=~vf GWrW’dz (29) 

2n JJ r 

The part of the output which arises be¬ 
cause of the poles of G*(z) can be written 

[residue of G*(z)] X0r*(z*)s* n_1 (30) 

where z k is a typical pole of G*{z). 

Evidently so that the output will be 
bounded for any value of n, the poles of 
G*(z) must satisfy 

M<1 (3D 

Therefore, for the sampled-data system to 
be stable all the poles of G*(z) should lie 


inside the unit circle. 

For the case that the zeros of G*(z) lie 
inside the unit circle in the z-plane, one 
can apply a form of Nyquist criterion 
which is based on one of Cauchy’s theo¬ 
rems. This theorem states that the sys¬ 
tem is stable if the contour of G*(z) en¬ 
closes the origin in a counterclockwise 
direction a number of times equal to the 
difference between the number of poles 
and zeros of G*(z) when z describes the 
unit circle in clockwise direction. 

Similarly, one can relate the stability 
condition for the sampled-data control 
system shown in Fig. 4, whose input- 
output z-transform relation given as® 

0 c *(z) =0 r *(z) 1+HG *( Z ) (32) 

where 

G*(z) denotes the z-transform of Gi(s) X 
Gz(s) 

HG*(z) denotes the z-transform of H(s)X 
[Gi(s)XGt(s)\ 

The system is stable if the roots of 
1 -\-HG*(z) are inside the unit circle 
in the z-plane and the system is un¬ 
stable if at least one of the roots lies in 
the exterior of the unit circle. 

If HG*(z), the open loop transfer func¬ 
tion, is stable, then one can use a modi¬ 
fied form of a Nyquist criterion which 
states that if the transfer locus HG*(z) 
does not enclose the point (—1,0) in the 
HG*(z) -plane, then the system is stable, 
and vice versa. 8 * 11 
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Table I. Extended List of z-Transforms and Their Inverse 


(*+<*)« 


F(b) 

F*(s) 

F(nT) 


t ~kT, 



1 

2 


J 

2—1 


1 

2 


f+B 

z-€-*r . 


1 _ 

Tz 



( 8 — 1 )*. 


1 

( T/a)z (1 -«-«r)s 

1 / 71 \ 1-t-aTn 

j*(j+a) 

( 8 - 1 )* a*(s-l)( 8 -«-»r). 

a a * 





(s-l)[**-2s cos ar+lj . 


a 

sin aTXz 



[ 8 s — 2 s cos ar+lj ““ 


X 

T* 8(8 + 1 ) 

j 


2 ( 8 -l)». 


1 

r* 8(8+i). r» ( 8 + 2)8 

2 


2 (8-1)4 h 6 ( 8 - 1 )*. 

. 3 . (r " ) ‘ 




_L lim ( — l)“~i d m -l 

s m . 

F(*+a)... 

_ (l + Ttf)(l+r t f)...(l+r lw _ l j) 1 Ts 1 s Pl-«-ar-i 

^fr+aXH-rifKi+ra).. .(l+iw). . (TTI)i~^ rriLrTT^rJx 


(wi-1)! da m ~ 

V 

a—*•o m— 1 ! da m ~ 1 \z~ « -aT J 

. F(^Tg) . 


/ 1—a r im-i \ 
'■l~a’"i/ \ 1— arm ) 

_ — 8 P 1 ~ *~ T ' r vn "I /1 — r,/r*\ 

•( 


1 — T m- iAi \ 
1 — Tim/Ti ) 


(—l) m- l -I 

. - — - — ——- (fttrit) 

(m —1)1 do'»-> * 

lim ( — d m 

-- - - ( t —aTn\ 

«—*■# (»* —1)1 <>«*»-» ' 


,t-aTvp(„D 


J’+a* 


(s+«)*+a*' 


•336 


_ _g f 1 ~ « ~ r /r 2w 1 /1 — n/Tyn \ 
a s-lLs — f'^/^wJVl — 1 ^ T 2tn a ) 

l-Tm-t/ftm) 

. »(»—cos aT) 

**— 2 z cos ..cos (aTtt) 

. »«~ ar sin aT 

. * , — 2 e~ a T g cos ... Bin ( aTn ) 

.;;... 9 S::T; 

. (i(«»+*+») 

»tan “> 0/a, \f> - - tan 0/« -1, \ - tan “» —- 5 fL_ 
_*_ n (a-j-6a) 

(*~ 7 )[( 8 -a)*+ 0 *] .(T-aO*+tf* + ^r(«- r )*+^]i/s («*+/»*)»/* sin («0 + 0 ) 

s 0 =» tan "I p/ a> 0 a. —tan -1 P/oc — y 

U-l)(*- 7 )[(s-a)«+/9«].*. n -u r, 1 , , - - t<ta + ^ ]n/ > 8in («0+»+X) 

+- ?* 

<T-1) [(-)--a) *+/»*] 

ifr+g,) 0 * tan fi/fy 9 m — tan P/ot — 1, X a. — tan p/ct~ y 

(* -1) (* - 7 ) f(s - «) t+0*j...—--i ; +a . ^ - | _ (r+ao)" 

( 1 ~ 7)[(1 —a)*+^jJ (7 — 1 ) [(7 — a)*+ 0 *] 

■ fe*+0 2 ] ,t/ *[(an+«)» +agli/» 

0K«~ 1) J +/S*J>/*[(«- 7 )*+/J*]»/» Sln ( " fl +*+>0 
6 - tan -J p/a, ¥ - '® r 1 +*,, - _ tan -1 p/ a _ j 

*»~-tan-1 p/a-y, X-tan"!-£_ 

_ s (eo+a) 

.. . | lxn _L_ 

g(g+ao) (-y- 1 )* (1-T> (l-y)» 

m e (t-1) 1 1-7 Ll — 7 (1 — 7) * J 

*n («-**<) n K*-ft)*+7i»j 

g — *-* r 1 

, 0 * ..... 14. y* A^-g [<*»*•+0»g]n / > 

(8_1 ) n (*- 0 <) n [(*-« 0 s +j 8 **J I K = i Px[(«xr-l)SH-/9»jc]i7s X 

ial 

2 l+fl>2i+m s»n(»ajc+Xjr+»x)+2 (-i) f Jr+*jy , 4c(r»j C )*J 
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Table I. (Continued) 


Ild-^on [a-ro’+^i*] 

f =1_ j=l _ 

« l 

na-^)n 

t =1 t-i 

■^ / p<g \ Jr / PiKa \ / PiKb \ 

TT I *-** ! n f£ 2 Y 
i-^i , A^oi/ 


n ('ey n i—""I 

<=7^ *=“** ll -* 1 

fix ■ tan “» PK/aJC 
•*k ** tan _1 (/3x/«x- 1 ) 

0 1 m g 

\k~Y^ hk - ]C *«+£ 4 «-£*<X 

1 = 1 1 = 1. 1?£X 1 = 1 1 = 1 

rx = number of real zeros greater than |pid, in the z-plane 


Mapping of z-Transform Loci in the 

HG*(z)-Plane 

To discuss the mapping of the loop 
transfer function HG*(z) in the HG*(z)- 
plane as z traverses the unit circle, con¬ 
sider the following cases 

1. When H(s)G(s) has simple poles only 
and no pole at the origin, then HG*(z) is 
real both at w = 0 and co=n/r. Therefore, 
when z describes one complete revolution 
along the unit circle, the locus HG*(z) 
describes a closed curve in the HG*(z) -plane 
as shown in Fig. 5. 

2. When H(s)G(s) contains simple poles 
including a pole at the origin, then the 
corresponding term of HG*(z) at z = 1, which 
is the only effective term, can be written 
following equation 8, as 


HG*(z)> 

Sn-0 


^(0) s 

V( 0 ) s -1 


Around the point 2=1, one can write 

z-l+p^ (34) 

where p is an infinitely small radius of a 
semicircle around z= 1, and 0 is an angle 
of radius vector p, as shown in Fig. 6. 
Substituting equation 34 in 33, then 

lim HG*(z) =lim —]j r (35) 

z-H p>o B\Q) P* 

When p describes the small semicircle, 
as 6 varies from —n/2, to II/2, then 
HG*(z) describes an infinite semicircle 
which varies from 13/2 to —U/2, as 
shown in Fig. 7. 

From the foregoing, only asymptotic 
shapes of HG*(z) loci are indicated. 
However, for the actual plot of HG*(z) 
lod in if6 ! *(z)-plane, it is essential to plot 
each factor in the summation given in 


equation 8 for HG*(z) individually. Add¬ 
ing the component loci vectorially 
one obtains the final shape of HG*{z) 
locus. The advantage of this method of 
plotting a-transfonn loci lies in the fact 
that for simple forms of H(s)G(s), each 
term in the summation indicated in equa¬ 
tion 8 is of the following form 

HG*(z) = ~ (36) 

where a and 6 are real or complex. When 
the locus of z is the unit circle, the bi¬ 
linear transformation indicated in equa¬ 
tion 36 also traverses a circle in the 
i7G*(z)-plane. Thus, HG*(z ) locus is a 
vector sum of circles, which are very easy 
to plot. Their magnitude and location 
are indicative of the final shape of HG*(z): 
These constituent circles are determined 
by the pole, zero configuration of H(s)G(s) 
in the s-plane. Thus, this leads to syn¬ 
thesis and shaping of HG*(z) plots by 
adjusting the value of the poles and zeros 
of H(s)G(s). The number of computa¬ 
tions required in plotting the HG*(z) loci 
is identical to that of plotting the H{s)G{s) 
in the s-plane. Furthermore, the plot of 
the HG*(z) locus is exact, so that this 
method is an improvement over ^-domain 
procedures. 

Example 

To illustrate the application of the 
various mathematical expressions dis¬ 
cussed or introduced so far, the sampled- 
data control system shown in Fig. 4 will 
be analyzed. For this system, the loop 
transfer function consists of a zero-order 


hold circuit GJs), ordinary dynamical 
system G 2 (s), and unity feedback. (A 
zero-order hold is a circuit whose func¬ 
tion is to convert a single impulse into a 
rectangular pulse of unit height and T- 
second duration The Laplace transform 
of such a circuit is, as has been derived in 
reference 5, Gi(s) = (l— «~ T *)/s.) The z- 
transform input-output relation is 

fl c *(z)= - — -- - --g r *(z) (37) 

c w 1 +GiG 2 *(z) r w V ' 


Suppose 


i(5+0) 


Gi(s)tj2(r)=- 


s 2 (s+a) 


Using Table I the s-transform of l/s 2 (s+a) 
is 

(r/fl)z __— (l-e g )z ( 3 gB) 

(z—l) 2 a 2 (z—l)(z— € aT ) 

The s-transform of Gi(s)G 2 (s) is .<4(1— z~ x ) 
multiplied by equation 38(B). This ob¬ 
tains 


GtG 2 *(z) = 


Assume 


AT A l-e" 
a(z— 1) a 2 z—«" 


a = 1.0, 4 = 1.0, T = 1.0 (40) 

Substituting equation 39 into equation 37 
and inserting values for A,a,T as given 
in equation 40 obtains 

d e *(z) 0.368z+0.264 

^*( 2 )“ z 2 —z+0.632 1 ) 
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To obtain the response to a step input, 
take 

9 r (nT) = l ( 42 ) 

From Table I 


e r ^z)~~ 

3 — 1 


(43) 


Substituting equation 43 into 41 gives 
0.368s+0.264 s 


0 6 *(z)~ 


s 2 —s 4-0.632 s-l 


(44) 


The sampled output is given, applying 
relation 24, as follows 


9c(nT) 


1 f 0.368s 4-0.264 % 

J r (3-l)(s*-s4- 0 .632) 2 dz 

(45) 


r is a path of integration which encloses 
the singular points of the integrand in 
equation 45. The singular points are 


2 = 1 (46) 

2=2i=0.5 4 -jy/l 0.382 (47) 

z~Zi~0.5-jV0.382 (48) 

Applying Cauchy’s theorem, 6 c (nT) equals 
the sum of the residue of the integrand 
in equation 45. Finally, 0 c (nT) equals 

0 e (nT) = 1 — (0.632 )“/ 2 cos nO- 

(0.213)X(0.632) n /* sin nd (49) 

where 


0= tan 


_, V0.382 
0 5 


(SO) 


The plot of equation 49 for values of n 
is shown in Fig. 8 . 

Initial and Final Values 

To obtain the initial value of the output 
equation 26 is applied 

« 0 )-Ii»i=V,)_ Bm 2^+0264 

2—3 g—*-eo 2® —24*0.632 

“0 (51) 

Application of the final value theorem 
gives 

«»)- lim *•(.). , to 

*-*-1 3 2 -*-i z 2 — 24-0.632 

= 1 (52) 

^ The loop transfer function GiGi*(z) as 
given in equation 39 consists of two terms. 
The mapping of the first term in HG*(z)- 
plane as s-traverses the contour shown in 
Fig. 6 is a straight line (or a circle of in¬ 
finite radius), as shown in Fig. 9 . The 
locus of the second term is a circle whose 
center lies on the real axis, as shown in 
Fig. 9. 

The locus of GiG%*(z) is obtained 
by adding vectorially the two constituent 
terms for each value of z on the unit circle. 
Since the GiG%*(z) locus is symmetric 
with respect to the real axis, the points 
corresponding to the upper unit semi¬ 
circle including 1 and —1 suffice to 
represent the entire locus. The locus of 
GiG z *(z) is shown in Fig. 9, which indicates 
that the system is stable for the values of 
the constants chosen. 


Synthesis of Sampled-Data 
Control Systems 

When HG*(z) has no poles outside the 
unit circle, the stability of the system is 
easily assessed from the enclosure or dis¬ 
closure of the point (- 1 , 0 ) in the HG*(z)- 
plane by the locus HG*(z). Further¬ 
more, the degree of stability of such sys¬ 
tems can be improved by shaping the 
locus of HG*(z). The subject of main 
concern in this part is to indicate a means 
by which shaping is effected. This is 
done through the insertion of linear net¬ 
works in the loop of the system. Other 
means of stabilization and shaping exist, 
which will be discussed in other papers. 

Effect of Simple Poles of H(s)G(s) on 
HG*(z) 

Consider a continuous loop transfer 
function which consists of simple poles 
and zeros cascaded with a zero-order hold 
circuit, given in the following form 

If(s)G(s)~ - (1 ~ e ~\ 

s 

f (i+T^)(l+T 3 a)(l4-T5j). ■ .(14-T2M—1*) ~| 

L s(s4-a)( 14-T 2 $)( 14-r 4 $).. .(14-r 2m s) J 

(53) 

where a, n, t 2 . . .r 2 m are all real and the 
degree of the denominator in the brackets 
of equation 53 is higher than that of the 
numerator by at least 2 . The correspond¬ 
ing z-transform of equation 63 can be 
easily shown to be 
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Fig. 8. Plot of output umpled-icquences of system used in example 
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Fig. 9. Locus of GiG 2 *(x) in example 


HG*(z) =- 


A 1-. 


—nT ^ 


a 2—1 a * 2—6 

(1 — Orj)(l — ara). . .(1—fflTjm-x) 
(1—OT 2 )(l—Or*). . .(1— a>Tim) 


ArJ 1 —6~ r/T 2 \ 
a \ 2 —e _r / T 2/ 


X 


(1 — ti/t 2 )( 1 — t 3 /t 2)( 1 — rs/ra) .. . 

_ (l~-T2Bt— 1 /T 2 ) _ 

(1 — 1/T2a)(l — Ti/r 2 )(l — 
T«/t»). . . (1 — T 2 m/T2) 


Ar 2m ( l-e~ T/r 2 m \ 

a \z—e~ T ^ r 2m) 

(l — Ti/Tim)0- — n/rm)- • • 

_ (1 — Ttm-i/Tm) _ 

(1 — 1/ r 2 »»a)(l — r 2 /t 2 «») 

(1 — Tim-*/ T 2 m) (54) 


The first term of HG*(z) in equation 54 


is introduced because of a simple pole of 
H(s)G(s) at the origin (excluding the 
zero-order hold). The locus of this term 
is a straight line (or a circle of infinite 
radius) as has been shown previously. 
This term is characteristic of sampling 
systems, for as T increases the locus of 
HG*(z) is mainly influenced by this term 
and consequently the stability of the sys¬ 
tem is affected. Although T appears in 
the exponent of other terms, its effect is 
not substantial. Furthermore, the first 
term is not affected by the added poles 
and zeros of H(s)G(s) and consequently 
independent of the r’s. 

The lod of the other terms of HG*(z) 
are circles with centers on the real axis 
of the i7(?*(z)-plane, in view of the fact 
that the constants a, n, n. . .are all real. 


These circles, while the parameters are 
varied, are shown in Figs. 10 and 11 for a 
range of values of each parameter. 

Adding vectorially the corresponding 
points on various circles and the straight 
line to obtain the final HG*(z) locus, one 
can readily observe the effect of each 
term of HG*(z), and its correlation to the 
location of poles and zeros of H(s)G(s), 
Although the exact shape of HG*(z) can¬ 
not be foreseen before actually plotting 
HG*(z ) locus point by point, certain 
characteristics which have significant ef¬ 
fects on the final shape of HG*(z) will be 
discussed. 

1. The locus of HG*(z) near 2«=1 can be 
found as indicated previously by introduc¬ 
ing a small semicircle of radius p around the 
point 2 = 1 , and letting p approach zero. 
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Fig. 10. Loci plots of x/z — a as z traverses the unit circle in z-plane 
for a=0.5 


Fig. 11. Loci plots of a/z — x as z traverses the unit circle in z-plane for 

a = 1 


At 3=1 the first term of equation 54 only is 
significant and its locus is a semicircle of 
infinite radius in the right half of HG*(z) 
plane. 

2. HG*(z) is always real at 3 =—1, as 
mentioned before, and its value at thic 
point can be easily obtained by substituting 
z ~ 1 into equation 54. This value can be 
positive or negative, depending on the 
system parameters. 

3. To determine whether the HG*(z) locus 
will or will not intersect the real axis of 
HG*(z) plane at more than one finite point 
besides at z=» — 1, HG*(z) of equation 54 is 
mitten as follows: 

HG*(z)~ — --?! , ._ 

z-1 z-r aT z-*- T/r * 


where K, a u as, .... a n represent their 
respective values in equation 54. Since s 
describes the unit circle in HG*(z) locus 

Z“Cos sin <f> ( 36 ) 

Substituting for z in equation 55, and 
obtaining the imaginary part 


I m \HG*(z)] — sin 


- J -* 

an <£{- 

\ 2 ( 1 -. 


zero or positive. The HG*(z) locus has 
only one real value at z— — 1 , as shown in 
Fig. 12. 

Evidently when the real numbers ai, 
otz, 013 . . ,a n have any sign, then it is not 
possible to predict the zeros of equation 
57, unless it is solved for the constants 
given. However, under certain condi¬ 
tions, that is, when T is large compared 
to the linear-system time constants, then 
it can be shown that the locus of HG*(z) 
will be limited to one of the three shapes 
shown in Figs. 12, 13, and 14. Further¬ 
more, when J" is small compared to the 
system time constants, then the shape of 
HG*(z) will approach that of H(s)G(s) 
where the latter is described extensively 
in the literature. 

Effect of Complex Roots and Poles 

of H(s)G(s) on HG*(z) 

Since in physical systems complex 
roots and poles appear in conjugate 


pairs, the numbers r 2 and r 4 are conjugate 
pairs, so are rj and T 3 and all other pairs 
of roots and poles of H(s)G(s) in equa¬ 
tion 53. The corresponding HG*(z) in 
this case is as given in equation 54 , from 
which the following remarks are impor¬ 
tant. 

1. The first tenn of HG*(z ) in equation 54 
is unaffected by the complex roots and poles 
of H(s)G(s), hence its locus is fixed irrespec¬ 
tive of the variation of complex roots and 
poles of H(s)G(s). 

2. The second term of HG*(z) in equation 
54 represents a locus of a circle whose center 


IMAGINARY 


HG(z)~ PLANE 


/ * 

/HG(z) 
/ 2=4 


(l*H~ 2ar )—2 cos 


(1 )— 2 cos * 6 - r 7 Ttin) 
(57) 

equation 57 is zero when <f>=U or z- — 1 
as indicated previously. If the constants 
ai, as ...«» are all negative, then equation 
57 is always negative as <j> varies from 0 to 
n, because all the terms in the brackets 
will remain negative and never become 


Fig. 12. Typical shape of 
HG*(z) locus when T is large 
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lies on the real axis of HG*(z) plane. This is 
because the product (1—an)(l— 0 x 3 )... 
(1—arjm-i) as well as (1— ax a )(l — ar 4 )... 
(1—aTim) are all real numbers in view of 
conjugate roots and poles. 

3. The loci of third and fourth terms in 
equation 54 represent circles of center not 
lying on the real axis. The vector addition 
of these two circles yield real values for the 
point 3=1, and 2 = —1. Similarly, each 
pair of the remaining terms of HG*(z) in 
equation 54 has a similar locus. 

Since in this case the closure of HG*(z) 
locus at 2 =1, as well as the crossover condi¬ 
tion of the real axis, follows closely the 
HG(z) locus discussed in equation 54, the 
asymptotic shapes of HG*(z) for this case 
are similar to the loci represented in Figs. 12, 
13, and 14. 

Effect of Multiple Poles at Origin 
of H(s)G(s) on HG*(z) 

Suppose H(s)G(s) given as follows 

i-r Ts 

H(s)G(s)=* -X 

s 

/ (l+n$)(l + T8$). ■ .(l+T2OT-lS) \ 

\ s K (a+s)(l+T2s)*. .(1+T2,»s) / 

(58) 


where K is integer and n, r 2 . . .r 2 »» are 
either real or complex. Equation 58 can 
be written 


H(s)G(s) = 





Co Mo \ 

s+1/t4 s-t-l/rm / 


(59) 


where n=K+ 1, and ^4 0 , -Bo, C 0 , D 0 . . .Mo 


are the residues of equation 58 at their 
respective poles. To obtain the 2 -trans- 
form of equation 59, it is necessary to 
know the 2 -transform of l/s n . This can 
be found by equation 18. For discussing 
the critical behaviour of the locus HG*(z) 
of equation 59, it is necessary to obtain 
only the 2 -transform of the term corre¬ 
sponding to l/s n because it has the highest 
degree of 3 in its denominator. It can 
be shown that the first term of 3-trans- 
form of (1 —e~ Ts )/s n equals 


HHl 1+z 

2 (3 — 1 )**“*■ 


(60) 


To obtain the locus of HG*(z) about 2 =1, 

substitute for 3=lim (l+pe ,d ) in equation 
p—>0 

60. The locus of relation 60 is infinity at 
an angle — («— l)n/ 2 when 0 = 11 / 2 , and 
at an angle (n —1)11/2 when 0= — n/2. 
At 3 = — 1, the 3 -transform of equation 58 
is real, as discussed previously. Figs. 
15 and 16 indicate the asymptotic shapes 
of HG*(z) when n equals 3 and 4 re¬ 
spectively. Stabilizing higher-order sys¬ 
tems through the use of linear networks 
is a very difficult problem. 

The significance of higher order poles 
at 2 =1 of HG*(z) in sampled-data control 
systems lies in the fact that the steady- 
state sampled error vanishes when certain 
input functions are fed to the system. 
For instance, if HG*(z) of a sampled-data 
control system is represented by 


HG*(z) = -—— (61) 

0 W (2-l)I>*(3) 

where N*(z), D*(z ) are polynomials in s, 
and the degree of £>*( 3 ) in 3 is of higher 
order than N*(z), the s-transform error of 
a sampled-data system shown in Fig. 4 
can be easily derived as 8 


E*(3)=0,*(s) 


l+HG*(z) 


Substituting equation 61 in equation 62 


E*(2)=0r*(3) 


(2-l)I>*(3) 

(z-l)D*(z)+N*(z) 


Suppose the input is a step, then E*( s) 
becomes 


J2*(s) = 


2 (z-l)J>*(g) 

2-1 (z-1 )D*(z)+N*(z) 


Applying relation 27 for the steady-state 
error in equation 64 obtains 

lim e(»r) =lim -—- E*(z) = 
n —*-oo z—*1 2 

1, (3-l)Z?*(3) 

l™i(.z-l)D*(z)+N*(z) ° 

Therefore when HG*(z) has a simple 
pole at 3 = 1, the steady-state error for a 
step input is zero. 

Similarly, if HG*(z) is given as 

(66> 

the s-transform of the sampled-error is 



CD 


Fig. 13. Typical shape of HG*(z) locus when T is large Fig. 14. Typical shape of HG*(z) locus when T is large 
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FigJ 15. Typical plot of HG*(z) locus for 
double pole at origin in H(s)G(s) function 
without the hold function 


(z-l)*D*(z)+N*(z) 
Suppose the input is a unit ramp 


®r*(z) = r 


(*-!)* 


Substituting equation 68 in 67, and ob¬ 
taining the steady-state error, it is noticed 
that the error is zero. Therefore, by in¬ 
duction, if HG*(z) is given as 

rr^/.v N*(Z) 

( (z-l) n D*(z) (69) 

then the steady-state error is zero for 

' (,) “(7=I T < 70 > 

Effect of Lead and Lag Networks on 

Shaping HG*(z) Loci 

When lead or lag networks are inserted 
to shape the continuous transfer locus 
H(s)G{s) in continuous control systems, 
the asymptotic values of the transfer loci 
do not change for <o=0 and w=«, but 
the effect of such networks lies primarily 
in shaping H{s)G{s) between these two 
frequencies. In contrast to this, the ef¬ 
fect of inserting lead or lag networks in 
sampled-data control systems would 
change the asymptotic value of HG*{z) 
at z= —1; in consequence, the entire 
shape of HG*(z) is altered. Under cer¬ 
tain conditions, the HG*{z) locus may 
cross the real axis at one or two points, 
depending on the values of lead or lag 
introduced and on the system constants; 


in consequence, the system might be un¬ 
stable because of the insertion of either 
lead or lag networks. The effect of net¬ 
works on a general sampled-data control 
system can be deduced from their effect 
on a second order system t containing a 
zero-order hold. Suppose B(s)G(s) is 

(71) 

The corresponding z-transform, utilizing 
Table I, is 




AT A 1 - t ~ aT 
a(z— 1) a * z— e~ aT 


The locus of HG*(z) was discussed in de¬ 
tail in the example given for certain values 
of A, a, T. To test whether HG*(z ) 
would cross the real axis of HG*(z) plane 
at points other than at z=-l, equate 
the imaginary part of equation 72 to zero. 
Since z=cos^+j sin 9 , then 


-ATfa 


A(l-f 


2(1—cos 4 >) a a [(l-|- e -* ar )_2a- 8, 'cos*J 

=0 (73) 

Since equation 73 is of first degree in 
cos 4 >, there exists at most one value of <f> 
in the range O<0<n, satisfying the above 
equation. Therefore, the locus of HG*{z) 
given in equation 72 may be either one of 
the shapes shown in Figs. 12 and 13. 

A network with transfer function 
(1+ns)/(1+72$), where n and r 2 are 
leal, may be lead or lag depending on 
whether t{>t 2 or n<T 2 . Inserting such 
a typical network into the system de¬ 
scribed by equation 71, the loop transfer 
function becomes 


tf(s)<?(s) = 


A(l- 6 - r «) 


: (s-f-fl) 1 +725/ 


Fig. 16. Typical plot of HG*(z) for triple 
pole at origin H(s)G(s) function without the 
hold function 


The corresponding z-transform of equa¬ 
tion 74 can be obtained using Table I as 
follows 

HG*{z )-———- j— f aT ( A_-ng \_ 
a(z-l) 

a z-\l~l/ T 2 a) (7S) 

Comparing equation 75 with 72, the fol¬ 
lowing remarks are important in the shap¬ 
ing of HG*(z). 

1. The first term of equation 75 is the 
same as that of equation 72, which indicates 
that this term is not influenced by one net¬ 
work or even n networks. The transfer 
locus contributed by this term is a straight 
line, as indicated before. 

2. The second term of equation 75 is of the 
same form as the corresponding term of 
equation 72, except for a multiplying factor 
which is called contraction factor, the 
effect of which is to magnify or nullify the 
circle locus of the second term of equation 
72, depending on n and r2 . In this connec¬ 
tion, it is important to mention that only 
the magnitude of the circle locus of equation 
72 is changed, and not its shape. 

3. A new term is added by equation 75 
the locus of which is a circle whose center 
is on real axis and whose radius depends on 
(n/72 and r 2 ). This new circular locus is 
introduced through the pole (1/ T2 ) and 
whose effect is partially to compensate the 
effect of the circle of the second term. The 
final shape of HG*(z) depends on ti/t 2 and 
r 2 , and by varying these values the shaping 

t A second-order system is one described by a 
second-order linear differential equation, i e one 
whose transfer function has a denominator of sec! 
ona degree m s. 
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Table II. Relationship Between Time 

Sequence Response Overshoot and 

Maximum Frequency Response of Second- 
Order Sampled-Data Control System 

Per Cent Overshoot 
of Time Sequence 


wo T if Mmax Response 


1.0.3.4.85. 77 

1.0.5.1.96. 40 

1.0.8.1.12. 17 

1.1.0.1,01.0.18 


second-order sampled-data control sys¬ 
tems on step input response is investi¬ 
gated. Contours of constant gain and 
phase margins are plotted in Q*(z) -plane, 
whereby shapes of transfer loci can be 
made to tally with design requirements. 

Steady-State Response op Sinusoidal 
Input 


Fig. 17. Locus plot 


of HG*(z ) can be effected. Although shap¬ 
ing is done by trial and error, the shapes of 
HG*(z) are limited to those shown in Figs. 
12 and 13. In consequence, by plotting 
few points of the HG*(z) locus, the final 
shape can be estimated. 

The insertion of n networks of the type 
(1+tis)/(H-t 2 s), in equation 71, will 
introduce n additional terms in HG*(z), 
as shown in equation 54. The locus of 
each term is a circle whose magnitude 
and shape depend on the network con¬ 
stants. The final expected shape of 
HG*(z ) is discussed in a previous section. 

As an illustration, the transfer locus of 
equation 75 is plotted in the HG*(z) plane 
for the following values 

A=1 
<z=1 

r=i 

^ 0.2 


HG*(z) In example 


above which the system will be less 
stable. Sampled-data control systems 
of this type will generally start to oscil¬ 
late at one of two frequencies, &> r /2, for 
z— —1, or less than u r /2 for complex 
values of z on the unit circle. The con¬ 
clusions of this particular example can 
be generally applied to any type of sam- 
pled-data control system when T is large. 

Design Criterion for Sampled-Data 
Control Systems 

The purpose of this part is to correlate 
the graphical-mathematical relationship 
between the shape of the system loci to 
the transient response of a second-order 
sampled-data control system subjected 
to a step input. The effect of pole and 
zero locations of the transfer functions of 


The significance of HG*(z ) plots is that 
they relate the steady-state response of 
the sampled-data control systems to 
sinusoidal input. 3 It can be shown that 
if the input is sinusoidal function 

0 r (»D=sin(«»r) (77) 

then the steady-state output for unity 
feedback sampled-data control system is 

UnT)- sin (78) 

where \p the angle extended in the G*(z)~ 
plane, between G*(J ro> ) and 1+G*(<^' r “). 

Hence, if the input is a sinusoidal se¬ 
quence whose envelope is the actual input 
then the envelope of the output is also a 
sinusoidal function of the same frequency 
and whose magnitude and phase equal 
respectively \[G*(e> aT )]/[l+G*(e jUT ))U. 
Therefore, the over-all transfer locus 
G*(z)/[l+G*(z) ], when s- describes the 
unit circle, relates the steady-state enve- 


n/rj-0.5,1,2, 3, 4,10 (76) 

The various plots are shown in Fig. 17. 
It is observed that when the lead as meas¬ 
ured by the ratio ri/rj is small the locus of 
HG*(z) crosses the real axis at two dis¬ 
tinct points. As the lead is further in¬ 
creased, the crossover converges into one 
point only, that is, when z— — 1. When 
further lead is introduced, the crossover 
point will be nearer the point (—1,0) and 
the system will then tend to be unstable. 
Furthermore, when lag is introduced, 
that is, when ti/t 2 =0.5, the system will 
also tend to be unstable because HG*{z) 
locus will cross the real axis at two dis¬ 
tinct points where one of these points will 
be near the point (—1,0). Therefore, 
there is an optimum lead that can be ap¬ 
plied to this particular system below and 



7 

Fig. 18. Plot of Mmax versus y for second-order sampled-data control system 
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lope relationship between input and out¬ 
put. 

General Relationship Between Tran¬ 
sient and Frequency Response op 
Second-order Sampled-Data 
Systems 

Assume G 2 (s), for a system shown in 
Fig. 4, with unity feedback, given as 

£Oo S 


aw "*^T) ™ 

where 

wo “undamped natural frequency of the 
second-order systems 
V “damping ratio of the same system 

Utilizing Table I, the z-transform of the 
system function can be written 


G*(z ) 


Az+B 


1+G*(z) z*+Cz+D 

344 


(80) 


Fig. 19. Constant M-N contours in HG*(x)- 
pfane 

where A, B, C, and D are constants de¬ 
pending on (nf) and (wo T). For the fre¬ 
quency response, let z- describe the unit 
circle, then 


JT<». 


cos <j>+j sin <f> 


(81) 


where <j> needs to vary from 0 to n. 

Substituting for z in equation 80, the 
magnitude M is 


M-. 


G*(z) 


1+G*(z)\ 

[B*+A*+2AB cos »1V«, _ 

fO-^CCcos ^ cos 2</>+sin <f> sin 2<£)-fl + 
D 2 +2Z)(cos 2<f>+C cos #)]*/* 

(82) 

Differentiating equation 82, to obtain the 
angle 4 > mnx for maximum M gives 


A . a*+b* 

COS <Pmax — — — - —— db 


2AB 


V 


\ 2.45 / “ 

C(j4*+B*)(2) 4-1)4* 

2ABD-AB(C*+D*+\) 


4 ABD 


(83) 

Substituting equation 83 into equation 82, 
it is observed that the Mm** is a function 
of A, B, C,D or, alternately, of rj and w 0 T. 

Having thus obtained the condition for 
Afmax, the transient response of the sam? 
system can be readily derived. Assum¬ 
ing the input as a step function, then the 
z-transform of the output can be formed 
using equation 80 as follows 




. Az+B z 
&+Cz+D 2—1 


(84) 
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The output time-sequence equals 


Az+B 

(z*+Cz+D)(z-l) 


z n dz (85) 


where T is a path of integration in the z- 
plane that encloses aU the singularities 
of the integrand in equation 85. It can 
be shown that the sampled output is 

* c( r) 11 j8[(a*—1) 2 +|8 2 3 1/4 X 

[a*- hP*\ n/2 sin (tt0-MM-X) (86) 


0«=tan -1 P/a 
» —tan -1 p/a — 1 


Aa+B 


■HD' 


Using relation 28, the maximum response 
can be shown to be 

x . , KAa+B)»+((*A)*)'/\, 
n-x 

[a*+/5 2 ] 29 sin(n+¥) (92) 

It is observed that equation 92 is also a 
function of A, B, C, D. Hence, a simple 
relationship between the maximum of fre¬ 
quency response and the maximum of the 
time sequence response is established. 
Table II represents this relationship for 
different values of ij, while aoT is held 
constant. The plot of this table is shown 
in Fig. 18. 

To obtain constant magnitude M and 
constant phase N contours, write for 
G*(z) the following 

G*(z) =x*(z)+jy*(z) • (93) 

Constant magnitude M can be shown to 
fulfill the following 




M i 

[M 2 -l ] 2 


Equation is a family of circles in HG*(z) 
plane whose centers and radii are given by 


For constant phase N, write 


ang ( 2 )=>tan -1 y/x— tan -1 y/l-bx (98) 
in¬ 



putting 

0 * 

tan ang-^—(z)=»lV (99) 

Or 

equation 98 becomes 

( I+V2 ), + ( y --L) 1 . y< (^Ll) (100) 

which is a family of circles whose centers 
and radii are given by 

xo** — 1/2 

yo=*l/2N 

Vn*+1 

r=3 2N (101) 

The contours of constant M and N are 
shown in Fig. 19. 

An identical treatment for shaping 
G*(z) can be prepared for shaping G~ 1 *(z) 
or the inverse G*(z)-locus. The use of 
the locus leading to response G -1 *(z) often 
simplifies studies which involve certain 
types of sampled-data control systems or 
the use of digital computers in stabilizing 
such systems. 

Contours of constant magnitude M and 
constant phase N in the inverse plane can 
readily be deduced following the same 


procedure used in £*(z)-plane. It can 
be shown that the constant M curves 
are of the following form 

^=(l+*) 2 +y 2 (102) 

equation 102 is a family of circles (as 
shown in Fig. 20) of center and radii given 
by 

Center = (—1, 0) (103) 

Radius =*— (104) 

M 

Similarly for constant phase N 

y+N(x+l)~0 (105) 

Equation 105 is represented by the family 
of radial lines in Fig. 20 emanating from 
the center of the constant-M circles. 

Conclusion 

From the material presented in this 
paper, it is evident that the analysis and 
synthesis of any sampled-data control 
system can be readily effected without 
any recourse to approximation other 
than that relating to the narrowness of 
the pulses that constitute the pulse train. 


September 1954 


Jury—Analysis and Synthesis of Sampled-Data Control Systems 


345 





The z-transform approach, which is a 
powerful tool in systematically analyzing 
sampled-data systems, is represented as a 
complete transform calculus that can be 
readily applied for synthesis and design 
purposes. The general effect of network 
insertion for synthesis purposes in shaping 
HG*(z) locus is investigated, and its 
limitations on stabilizing certain systems 
is indicated. Digital computers can be 
used effectively in stabilizing such sys¬ 
tems, but their treatment will be pre¬ 
sented in other papers. 

The design relations developed corre¬ 
late the frequency response synthesis of 
sampled-data control systems and the 
desired output sequence. Synthesis in 
the time domain can also be applied, and 
its discussion will be presented in another 
paper. The material introduced herein, 
which is based on the z-transform ap¬ 
proach, does not yield information be¬ 
tween sampling instants. However, the 
z-transform technique is under investiga¬ 
tion to obtain a precise picture of the out¬ 
put between sampling instants. Research 
in this direction indicates that the z- 
transform method can be easily modified 
to yield the output between samp lin g in¬ 
stants. The results deduced will appear 
in other papers. 

Among the problems yet to be thor¬ 
oughly investigated are the effect of ran¬ 
dom disturbances and noise, nonperiodic 
operation of the sampler, saturation ef¬ 
fects, a criterion for obtaining output 
ripple, consideration of wider sampling 
pulses, and stabilization methods other 
than linear networks. 

Appendix I. Explanation of z- 
Transforms and Time Sequence 
Response Used in Table I 

<*K±jpK “location of ATth pair of complex 
poles inside the unit circle 

location of Kth pair of complex 
zeros inside the unit circle 
Pk “location of Kt\i real pole inside the unit 
circle 

P* “location of ATth real zero in the z-plane 
Aur*“(l-a*)*+ftc a 

YoK J »(l-ix)H-7x 9 
Pile “distance from p t to <*K-hjpK 
PiK “distance from Pi to otR+jPR 
PiKa —distance from *i+jpi to ^k+JPr 
P iKb— distance from «<—jj8< to ar x -f- jp K 
“YiKa “ distance from U+jyt to a K +jpR 
yjKb “distance from U~jyt to * K +j( 3 K 
PiK “distance from p t to tx+jyj c 


&iK=OiKa -\-PiKb “ — tan -1 ——— _ 

tan -1 g£±I« 

*iK =^iKa+^iKb “ —tan -1 ilLZil _ 
a t —a K 

tan -1 iidlh 

<H-a K 

Sis “tan -1 —ilL 
Pi-ttR 

<f>ac “ tan -1 — 

Pi-a K 

Appendix II. Derivation of 
Initial Value Theorem 

Equation 25 can be written 
e ‘*( z )~f 0 1 ~\(nT)e- nT *d(nT)+ 

JiZoPc(nT)e~ nTs d(nT) (106) 

If *+l, instead of n is put in in the inte¬ 
gral from 1 minus infinity to infinity in 
equation 106, the following is obtained 

f 1 a LMnT)*- nT *d<(nT) 

= *~ TS f~ Uk+l)e~ kTs d{kT) (107) 

Since k is a variable of integration which 
can be written as n, writing n for k in equa¬ 
tion 107 and inserting in equation 106 gives 

*c*(z) =f Q l -\(nT)r nT °d(nT)+ 

e ~ Tt f Q a ‘Oc(n+l)Te~~ nTs d(nT) (108) 

or 

foOc(n+l)Te- nTt d(nT ) 

= < TS (<>c*(z)-fl - 0 e c {nT)e- nTs d(nT)) 

(109) 

Since there exists only one impulse in the 
interval zero to unity minus zero in equation 
109 

~fl~%(nT)d(nr)-0 c (O) ( 110 ) 

where 6 e ( 0) is the initial value of 0 c (nT). 
Furthermore, by definition 

&[ec(n+l)T] = f^9 e {.n+\)Tr nTs d{nT) 

( 111 ) 

Substituting equations 111 and 110 in 
equation 109 the following is obtained 

£[0c(»+i)rj =i T *[e 0 *(z)—0 c (o)j (ii2) 

The Laplace transform of the first differ¬ 
ence can be written as 

Z\Ae c (nT)] “£[0 c (»+l)r] -£,[B c {nT)] 

(113) 

No Discussion 


When equation 113 is substituted in 
equation 112 and it is noted that £.[0,(nT*)\ 
is 0 a *(z), then 

£[A0 c (nT)\ =z6 c *(z)-zd c (0)-e c *(z) ( 114 ) 

or 

z~ l £[Ae c (nT)\ e e *(z)-$ c (0) (US) 

For initial value, let z —*■ oo t then equation 
116 gives the initial value as follows 

0 c(O)~Jim —~e c *(z) (lie) 
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Technical Considerations Relating to 
Marine Radiotelephone Communication 

for Safety 

O. T. LAUBE 

ASSOCIATE MEMBER AIEE 


T HE International Radio Regulations 
establishing 2,132 kc as the interna¬ 
tional calling and distress frequency for 
maritime mobile radiotelephony in the 
1,605- to 2,850-kc band came into effect 
May 1, 1953. 1 Many government sta¬ 
tions have been equipped for operation 
on this frequency. Parts 7 and 8 of the 
Rules of the Federal Communications 
Commission (FCC) require that all ships 
and public coast stations using telephony 
in this band be equipped for operation 
on 2,182 kc. Completion of arrange¬ 
ments for the full utilization of this fre¬ 
quency by ship and coast stations in the 
United States was scheduled for July 1, 
1954. 

As a matter of interest to the owners 
of the more than 30,000 commercial and 
noncommercial vessels now using 2- 
megacyde (me) radiotelephony, it seems 
appropriate to review the technical fac¬ 
tors having a bearing on the performance 
of this new world-wide safety communica¬ 
tion system. It may be useful to begin 
by examining some of the basic considera¬ 
tions underlying communication, par¬ 
ticularly as these relate to the 2 to 3-mc 
band. 

A radiotelephone safety communication 
system obviously rests upon the ability to 
conduct conversations between ships, 
and between ship and coast stations, 
reliably and consistently. The principal 
factors involved in making such conversa¬ 
tions possible in the 2-mc band are: 

1, Propagation characteristics 

a. Ground waves 

b. Sky waves 

2. Radio noise 
a. Atmospherics 
b. Man-made sources 

3. Interference 
a. Long range 
b. Local 

4. Equipment factors 
a. Transmitters 
b. Receivers 

c. Antenna and ground 

Most of these factors have been covered 
in the literature by many authors. Many 
are matters of continuing study. Since 


they are basic to the success of marine 
safety communication, an integrated 
look at the entire picture may be of value. 

Wave Propagation at 2 to 3 Me 

The first factor, the propagation charac¬ 
teristics of the waves in the 2 to 3-mc 
band, is illustrated in Fig. 1, which first 
appeared in the report of Spedal Com¬ 
mittee No. 11 of the Radio Technical 
Commission for Marine Services (RTCM). 
This figure shows the field strength of the 
radio signals produced at various distances 
from a vertical transmitting antenna 
radiating 100 watts of power. Note that 
this is not the output power of the trans¬ 
mitter but the actual power transferred 
into space from the antenna. Inciden¬ 
tally, 100 watts would be in the order of 
the power radiated at a coast telephone 
station. Ships would usually fall in the 
range between 1 and 10 watts. The dis¬ 
tances given are in statute miles. The 
field strength is given in both microvolts 
per meter (mv/m) and decibels (db) re¬ 
ferred to 1 mv/m, a convenient scale 
for many purposes. 

The straight line coming down from the 
left illustrates the well-known “inverse- 
distance” law which shows the way in 
which the radiated energy would drop off 
with distance due simply to being spread 
out thinner as the distance increases. 
This curve, strictly speaking, would hold 
only for a perfectly conducting plane 
earth. However, air-ground communi¬ 
cations tend to follow this curve for con¬ 
siderable distances. 

What actually happens to waves travel¬ 
ing over or near the earth is shown by the 
three curves to the left of center, those 
labeled “ground waves.” These show 
what takes place when the path of the 
waves lies over poor soil, good soil, or 
fresh water, and over sea water. Ground 
waves span long distances over areas of 
high conductivity such as the open seas 
but are heavily attenuated when low con¬ 
ductivity is encountered, e.g., over ter¬ 
rain which is largely rock, gravel, or dry 
sand. Propagation over fresh water is 


about the same as that over good soil, 
somewhere between poor soil and sea 
water. 

To the right are shown the curves 
labeled “sky waves.” These represent 
the part of the radiated energy which, 
unlike the earth-bound ground-wave 
energy, strikes off into space and is turned 
back by the ionosphere to reappear on the 
earth at great distances from the trans¬ 
mitter. In the daytime ionization caused 
by the sun’s rays results in more or less 
complete absorption of the sky waves and 
only the ground wave remains. At 
night sky waves account for occasional 
exceptionally long-range communications 
and also for the long-range interference 
which plagues radio services. 

In addition to these changes over the 
day, conditions in the ionosphere region 
go through seasonal changes and changes 
coincident with the sunspot cycle. Other 
changes occurring at more rapid rates 
give rise to fading. On the whole, sky 
waves are quite variable; hence, results 
are not too readily predictable where sky 
waves are involved. 

At distances where the ground wave 
and sky wave field strengths are about 
equal, approximately 50 to 100 miles 
over sea water at night, the signal reach¬ 
ing the receiver is a composite of the two, 
with the result that fading is experienced 
at night, at distances where the daytime 
signal is quite steady. 

Radio Noise in 2 to 3-Mc Band 

The second factor, radio noise, embraces 
two major sources—atmospherics, or 
noise due to natural phenomena, and the 
so-called “man-made” noise, usually 
caused by machinery or electric appara¬ 
tus—all of which are capable of giving off 
some energy at radio frequencies. Radio 
noise enters the receiver along with the de¬ 
sired signal which it tends to obscure. 
The greater the noise, the greater the 
signal required to override the noise to 
provide an adequate margin for intelli¬ 
gibility. Other things remaining equal, 
this means, of course, that the com¬ 
munication range is reduced as the noise 
increases. 

Atmospheric noise is generally thought 
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Fig. 1. Two-mc transmission, 1 00 waits radiated from a vertical antenna 


to arise principally from electric storms 
in the tropical land regions. The radio 
noise distribution maps, prepared by the 
Central Radio Propagation Laboratory 
and showing the noise level contours 
over the world, illustrate the fact that 
atmospheric noise varies with latitude, 
being greatest in the equatorial areas and 
diminishing toward the poles. It also 
varies with the season, being greatest in 
summer and least dining the winter. 

Atmospheric noise also goes through a 
daily cycle, illustrated in Fig. 2, which 
shows how the noise varies from hour to 
hour throughout the day. This curve 
has been smoothed for simplicity and rep¬ 
resents a median or average of noise 
values, which actually vary from instant 
to instant. Instead of plotting the values 
of the noise as such, this figure has been 
drawn to present the strength of the radio 
signal required to override the noise by a 
sufficient margin to permit conversation. 
This particular curve applies for 2 me in 
the spring season on the northeastern 
seaboard of the United States. 

During the daylight hours atmospheric 
noise is at a relatively low level. At 
noon, for example, a signal of only 1 mv/m 
suffices to permit telephone communica¬ 
tion. During the hours after sunset and 
until sunrise the noise level rises until it 
requires a signal field, some 60 times 
greater to carry on a conversation. This 
wide swing in the noise is another mani¬ 
festation of the effects of changes in prop¬ 
agation of 2-mc radio energy which were 
discussed earlier. The high noise at night 
can be attributed to the relatively un¬ 
attenuated sky Wave transmission from 
the distant tropical areas which are its 
source. The drop in the daytime results 
from the extinction of sky wave trans¬ 
mission, leaving only the noise brought in 


by ground wave. 

Man-made noise generally stems from 
three principal sources: ignition sys tems 
of internal-combustion engines, electric 
machinery and apparatus, and what has 
sometimes been called “stay” noise or 
‘contact” noise. Noise arising from 
these causes can be elimin a ted or, at 
least, mitigated by various means. Since 
each db of noise energy must be offset by 
a db of signal energy by accepting re¬ 
duced range, measures taken to reduce the 
noise can be handsomely rewarding in im¬ 
proved performance. 

There are two approaches to the prob¬ 
lem of noise reduction: one is to locate 
the receiver and its antenna away from 
potential sources as far as possible; the 
other is to suppress the noise at its source. 
In the case of land stations, where there is 
usually some freedom of choice, re¬ 
ceivers are located at noise-free sites well 


removed from potential noise sources such 
as highways, electric railways, factories, 
and the like. Near-by sources which can¬ 
not be avoided are treated to reduce their 
disturbance to a minimum. By th*»se 
means the greatest possible reception 
range is assured. On ships, space is lim¬ 
ited and potential noise sources are often 
numerous. On the smaller craft the 
main engine with its ignition wiring, an 
excellent radiator of noise unl e s s ade¬ 
quately shielded, is a major offender. 
The auxiliaries, motor-driven pumps, 
fans, generators, compressors, etc., all 
contribute their share. Even electric 
razors have been the cause of a sudden 
rise in the noise level. In fact, any de¬ 
vice with a commutator, slip rings, or 
interrupter, or with contacts which 
operate frequently, is to some degree a 
radio noise generator. 

Fortunately, most of these sources are 
amenable to treatment. Small capacitors 
between motor terminals and ground often 
are all that is required. Simple resistor- 
capacitor filters may be needed in some 
cases. Small radio-frequency “chokes” 
may also be used. Sometimes noise cur¬ 
rents enter the receiver through its power 
leads. One of the means mentioned, if 
applied to the leads at the receiver power 
terminals, will usually take care of such 
cases. Occasionally, as in the case of igni¬ 
tion wiring, metallic shielding must be 
provided and connected to ground to con¬ 
fine and by-pass the disturbing radiations. 

Stay noise arises principally from the 
accumulation of electric charges on stays, 
guys, and other metal parts of the ship’s 
structure which are conducting and either 
not grounded or poorly grounded. Where 
these conductors make intennittent con¬ 
tact with grounded parts of the ship, dis- 
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charges occur which, generate noise waves 
at radio-frequencies. a mast stay, for 
"* example, may give rise to noise of this 
kind because of imperfect electric contact 
where it passes throu_g:h the eyebolt which 
secures it to the hull. intermittent con¬ 
tact between any metal surfaces at slightly 
different potentials can produce this ef¬ 
fect. On some large vessels where the 
transmitter is operated, continuously dur¬ 
ing a conversation, stay noise is especially 
troublesome since tlie stays and other 
metal parts of the ship structure are in the 
strong field of the transmitter. Push 
button or voice control of tlie transmitter 
carrier avoids this condition. 

Noise from sources of this general 
character can usually be mitigated by 
bonding the parts together, using copper 
braid or ribbon. Although the corrective 
measures are simple, the identification 
and location of the trouble spots is often 
difficult and time-consuming. A syste¬ 
matic approach, eliminating one possi¬ 
bility after another, will usually yield 
worth-while improvements. 


Interference 

The third major factor, interference 
from other stations, is one which cannot 
be discussed with quite the assurance 
used in speaking of the others. It can be 
a seriously limiting factor; however, the 
degree to which it will prove limiting re¬ 
mains to be discovered by experience. 
The reason this is so, of course, is that the 
use of a common calling and safety fre¬ 
quency on a world-wide basis is a wholly 
new venture. While the frequency of 
2,182 kc has been used, for this purpose on 
the Great Lakes and in Canadian coastal 
waters for a number of years, the experi¬ 
ence gained in these areas is not neces¬ 
sarily indicative of -what might be ex¬ 
pected when this frequency is put into use 
all around the country. For one thing, 
the number of stations using the fre¬ 
quency will be many times greater. 
Moreover, many more vessels will be 
using the frequency in the seaboard 
areas where daytime propagation range is 
greatest. 

Experience in the use of common inter¬ 
ship frequencies such as the frequency of 
2,738 kc amply demonstrates just how bad 
conditions can get. However, this is the 
channel used for intership business and 
as such it is badly overloaded much of the 
time. The ordinary use of the 2,182-kc 
frequency is limited primarily to call and 
reply purposes; hence it should never be 
congested with signals as the intership 
channel is. 

Radio waves travel on for great dis¬ 


tances beyond the range in which they 
are useful. There is no way in which 
these no longer useful waves can be 
stopped, short of not starting them. Al¬ 
though this sounds rather drastic, it sug¬ 
gests one practical answer which will 
apply equally well to long-range and 
short-range interference: limitation of the 
number and the duration of transmissions. 
Regulations, both international and do¬ 
mestic, have been drawn up to achieve 
this end. However, the mere existence of 
rules is not enough, nor is it enough to 
leave the matter entirely to the FCC 
monitoring stations. It is clearly up to 
the users themselves to avoid creating 
conditions which will render the channel 
useless. Each individual user must be 
judicious in his use of the channel, avoid¬ 
ing all needless talk, if the value of that 
channel to him and to others is to be pre¬ 
served. Calling coast stations directly 
on their working frequencies offers, among 
other advantages, a reduction in the traffic 
load and congestion on 2,182 kc. 

Long-range interference can also be re¬ 
duced by reasonable limitation of power. 
This has been recognized by those who 
have studied the problem and is reflected 
in the FCC rules which limit the power to 
be used on 2,182 kc for transmissions 
other than distress to 100 watts into the 
antenna. 

In the absence of experience with full- 
scale operation on 2,182 kc under the 
conditions prescribed in the rules, quan¬ 
titative data on the transmission limita¬ 
tions imposed by interference are natu¬ 
rally lacking. However, measurements 
made in connection with tests of the In¬ 
ternational Consultative Committee on 
Radio telephone distress alarm which were 
conducted on the common intership fre¬ 
quency indicate that these unwanted 
signals commonly reach levels of 40 
mv/m or more. If such levels are en¬ 
countered on 2,182 kc, its utility will be 
seriously impaired. Under severe inter¬ 
ference conditions a distress call may 
have to be repeated many times before 
the channel can be cleared sufficiently 
to get intelligible messages to those in a 
position to give aid. 

Radio Equipment 

The fourth factor, radio equipment, 
comes down to the things bearing on per¬ 
formance in which the user has some 
choice. For some ships, notably those 
compulsorily fitted with radiotelephone 
equipment under the terms of the Safety 
of Life at Sea Convention (London, 
England, 1948) or the Canadian Agree¬ 
ment for the Promotion of Safety on the 


Great Lakes by Means of Radio (Ottawa 
Canada, 1951), certain minimum equip¬ 
ment requirements are specified. For the 
many ships voluntarily equipped the 
market offers a considerable range of 
choice to suit the needs of all types of 
users. 

Many equipments are designed par¬ 
ticularly for the 2 to 3-mc band; others 
also include provision for the high fre¬ 
quencies. They range from small com¬ 
pact equipments with transmitters of 5 or 
10 watts output power to more elaborate 
units with transmitters delivering 75 watts 
or more. Many of the simpler sets are 
equipped to operate on four different 
channels. The more elaborate models 
provide for as many as 10 different chan¬ 
nels. Some are arranged for remote con¬ 
trol from a small, conveniently located 
control box. Some provide several re¬ 
ceivers to permit listening on several chan¬ 
nels at the same time. While most are 
arranged for “push-to-talk” operation, a 
few have automatic voice-operated car¬ 
rier control. It is not possible here to 
go into much detail about all of the 
characteristics of the various equipments 
available. A brief review of those bear¬ 
ing most directly on transmission perform¬ 
ance will help in understanding the 
over-all picture. 

Output power of the transmitter has an 
important bearing on the distance at 
which signals may be heard. As the 2-mc 
transmission curve, Fig. 1, shows, over 
sea water, doubling the transmitter 
power (increasing by 3 db) adds some 25 
to 30 per cent to the range. A tenfold 
increase in power (10-db increase) would 
increase the range by two to three times. 
These figures do not hold under all condi¬ 
tions but afford some measure of the rela¬ 
tive performances of transmitters of, say, 
5,10 or 50 watts power. 

Ships compulsorily equipped for teleph¬ 
ony in accordance with the terms of the 
Safety of Life at Sea Convention, Regula¬ 
tion 15, are required to have transmitters 
capable of providing clearly perceptible 
signals from ship to ship under normal 
conditions over a distance of at least 150 
miles. Clearly perceptible signals are de¬ 
scribed as signals of at least 25 mv/m. A 
footnote to the Regulation states that in 
the absence of measurements it may be 
assumed that this range will be obtained 
by 15 watts unmodulated carrier power 
into an antenna of 25-per-cent efficiency. 

In the Agreement for the Promotion of 
Safety on the Great Lakes by Means of 
Radio, Regulation 1, a transmitter of 50 
watts unmodulated power is specified on 
ships compulsorily equipped. In this in¬ 
stance it is assumed that with an antenna 
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of 23-per-cent efficiency a fresh-water 
range of 50 statute miles will be obtained. 

Frequency stability, which plays an im¬ 
portant part in over-all performance, is 
no longer troublesome if the equipment 
and its power source are adequately 
maintained. All modern transmitters are 
crystal-controlled and should be well 
within the tolerances specified bv the 
FCC. ' « 

Modulation is also important. Over¬ 
modulation is to be avoided because it dis¬ 
torts and garbles the speech and causes 
“splatter” which spreads out into and 
interferes with adjacent channels. On 
the other hand, undermodulation is also 
to be avoided because it does not use the 
power of the transmitter effectively. A 
100-watt transmitter poorly modulated 
may have no more effective range than a 
well-modulated 10-watt transmitter. 
Unfortunately, however, the 100-watt 
transmitter, though poorly modulated, 
loses none of its potential for causing in¬ 
terference. 

The FCC has written technical provi¬ 
sions into its rules directed toward assur¬ 
ing proper modulation. Most modem 
equipment includes some form of limiter 
circuit to provide a measure of control. 
However, equipment specifications and 
designs alone are not enough. It is still 
necessary to talk into the telephone 
properly. This fact cannot be empha¬ 
sized too often since it is one which is fre¬ 
quently responsible for unsuccessful con¬ 
versations. The rule is simple and ap¬ 
plies to any telephone, radio or land line: 
hold the instrument reasonably close to 
the mouth and talk directly into it, using 
a moderate tone of voice. By following 
this simple rule the user will go a long way 
toward getting the most out of his equip¬ 
ment. 

While the transmitters usually get first 
mention when ship telephone equipments 
are discussed, the receivers are of no less 
importance. Crystal control is an im¬ 
portant feature of all good modern 
marine communications receivers. It 
greatly simplifies operation and eliminates 
errors in tuning, thereby assuring rapid, 
accurate switching as required in modem 
practice. To be sure of getting the best 
performance of which a radiotelephone 
equipment is capable, it is just as impor¬ 
tant that the receivers be on frequencv as 
it is in the case of the transmitter. Off- 
frequency operations impose the same 
penalties, restricted range and poor intel¬ 
ligibility, in both cases. Most good re¬ 
ceivers currently available have adequate 
sensitivity for the reception of signals of 
about 1 microvolt at the receiver input. 
Selectivity is an important factor in 


receiver design and one which has an im¬ 
portant bearing on the performance ob¬ 
tained in a communication system. Data 
available to special committees of the 
RTCM which have investigated the 
matter indicated that, in the 2 to 3-mc 
band, receivers available in commercial 
equipments were 25 to 30 db down at the 
adjacent channel (8 kc removed) and 40 
to 55 db down at the alternate channel 
(16 kc removed). These values of re¬ 
ceiver selectivity have been reflected in 
a recommendation made by the RTCM 
that the channels immediately adjacent 
to the 2,182-kc frequency be vacated to 
provide a guard band around this im¬ 
portant frequency. This recommenda¬ 
tion has since been embodied In interna¬ 
tional agreements and in the rules, of the 
FCC. These selectivity data were also 
used in developing recommendations re¬ 
lating to the allocation of frequencies in 
the 2 to 3-mc band. 

One source of noise which has not been 
mentioned previously, but which may 
assume importance under some condi¬ 
tions, resides within the radio receiver 
itself. This is the noise, sometimes called 
set ’ noise, which is caused by random 
agitation of electrons in the resistance ele¬ 
ments in the receiver input circuits and in 
its vacuum tubes. Under shipboard re¬ 
ceiving conditions this noise is not ordi¬ 
narily controlling if a proper antenna is 
provided. At shore stations, on the other 
hand, where sites may be carefully selected 
to avoid other noise sources, reception 
in the higher latitudes may frequently be 
limited by set noise. Data on good 
modern receivers with an adequate an¬ 
tenna indicate that, in the 2 to 3-mc band, 
a signal field in the order of 1 or 2 mv/m 
will override set noise. 

As in the case of transmitters, the power 
supply contributes importantly to the per¬ 
formance of the receiver. Wide fluctua¬ 
tions in the power supply voltage are 
often responsible for poor performance 
and frequent tube failures; hence, the 
power source should be well regulated. 
Although data are not readily available 
for all of the varieties of equipments on 
the market, it is believed that a deviation 
of 8 or 10 per cent either way from the 
nominal supply voltage would be the 
maximum acceptable. It is preferable 
that power be provided by means which 
are inherently stable or which are 
equipped with automatic voltage-regu¬ 
lating devices. 

Shipboard radio equipments are availa¬ 
ble equipped with two or more radio re¬ 
ceivers to permit listening on two or 
more channels at the same time. The 
advantages of this arrangement in pro¬ 


moting effective use of frequencies and in 
improving service have been pointed out 
by two special committees of the RTCM. 
Both have recommended the provision 
of a receiver for each frequency on which 
a ship expects to receive calls simul¬ 
taneously. With the implementation of 
the compulsory watch on the 2,182-kc 
frequency on all ships using telephony 
only, the provisioh of multiple receivers 
became almost a necessity. 

An important part of a radio installa¬ 
tion which often receives too little atten¬ 
tion is the antenna-ground system. The 
two must be considered together since it 
is the two working jointly which provide 
the means for radiating the power de¬ 
livered by the transmitter or gather in the 
signal energy which is utilized by the re¬ 
ceiver. 

Without going into the reasons why it is 
so, vertical antennas give best results in 
a service such as maritime mobile serv¬ 
ice. All shore and ship stations are 
therefore provided with vertical an¬ 
tennas. Ideally, an antenna should have 
physical dimensions which are at least a 
substantial part of one-half the wave 
length at the operating frequency. A 
quarter-wave vertical radiator operating 
over a good ground makes a very effec¬ 
tive-radiating system. At 2 me this 
means a structure somewhat over 100 feet 
high. , 

On shipboard, of course, a radiating 
system such as this would be out of the 
question. However, too often the limited 
possibilities offered on shipboard are not 
used to the best advantage. In one in¬ 
stance recently, at very little cost, a short, 
inefficient antenna was replaced by one of 
better design and a proper ground plate 
was provided. The improvement ob¬ 
tained was quite astonishing. The power 
radiated usefully was increased to at 
least 16 times its original value and the 
communication range extended to 3 times 
its former value. When it is considered 
that even with the improved arrange¬ 
ments only some 25 per cent of the power 
delivered to the antenna by the trans¬ 
mitter was actually being radiated, the 
importance of the antenna-ground system 
becomes even more apparent. At these 
frequencies the best antennas are none too 
good and the poorer ones are too wasteful 
and inefficient to be tolerated. 

It is always desirable to make the an¬ 
tenna as high as possible. Where height 
is limited the antenna may be extended 
horizontally between masts to provide 
capacitive loading at the top. In some 
instances conditions dictate the use of a 
self-supported vertical whip type of an¬ 
tenna. For greater effectiveness such an- 
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tennas may be obtained with a coil some¬ 
where near the center of the whip. The 
coil acts as an inductive center load. In 
both the capacitive-loaded and inductive- 
loaded antennas it is the vertical section 
of the antenna, particularly that between 
the base and the loading point, which does 
most of the effective radiating. Loading 
serves to increase the current flow in the 
effective vertical portion of the antenna. 

The antenna should be located at a 
point as far as possible from conducting 
elements such as steel mats, stays, stacks, 
and other metal parts of the superstruc¬ 
ture. Long leads between the transmit¬ 
ter and the base of the antenna cause 
losses and should be avoided. 

A good ground is as important as a 
good antenna and is not difficult to pro¬ 
vide if properly planned at the outset. 
Losses in the ground can easily become 
the most important losses in the installa¬ 
tion. On vessels with metal hulls a 
ground wire or braid should be. con¬ 
nected directly to the nearest point known 
to be well grounded to the hull. On ves¬ 
sels with wooden hulls a metal ground 
plate or strip having an area of at least 
10 square feet should be installed on the 
bottom or alongside the keel. 

All of the possibilities cannot be con¬ 
sidered in detail here. They are well 
known to reliable marine radio service 
people. This brief discussion, however, 
should make it clear that money spent 
on the best possible antenna-ground sys¬ 
tem is a sound investment. 

Over-all Performance 

As was pointed out at the beginning of 
the paper, all of the factors examined bear 
in one way or another on the possibility 
of communicating by radiotelephone be¬ 
tween ships and between ship and shore. 
These factors include the transmission 
properties of the frequencies used, the 
limitations imposed by noise and inter¬ 
ference, the capabilities of the equip¬ 
ment, and the manner in which it is in¬ 
stalled, maintained, and used. 

The effects of all of these factors have 
been summarized and are shown in Fig. 3, 
which illustrates the telephone communi¬ 
cation ranges to be expected over sea 
water from hour to hour throughout a day. 
It has been derived from the propagation 
data and the atmospheric noise data 
shown earlier in Figs. 1 and 2 and as¬ 
sumes that the power radiated from the 
ship’s antenna is 10 watts. This figure, 
incidentally, is representative of the 
radiated power from a transmitter of, 
say, 50 watts power working into a good 
shipboard antenna system. 


The discrete lines are an attempt to 
show certain situations which occur often 
enough to be termed' ‘usual’ ’ or “average. ’ ’ 
The heavy, more or less continuous line is 
illustrative of the intership ranges which 
might be expected at times when the 
channel is quite clear of other conversa¬ 
tions, that is to say, when range is limited 
only by atmospherics and man-made 
noise on shipboard. At night, when at¬ 
mospheric noise is at its highest level, it 
controls the Useful range. During the 
daytime the residual machine noise on 
shipboard usually sets the limit. 

At night, at distances beyond 50 or 100 
miles, transmission is by sky wave or a 
composite of ground and sky waves. 
During the daylight hours only the ground 
wave is useful. The line has been broken 
at sunrise and sunset to indicate marked 
unpredictability at these periods. Din¬ 
ing these horns of transition from day¬ 
light to darkness, and vice versa, excep¬ 
tionally long-range conversations are 
sometimes possible for short periods. 

The lighter curve shown in the day¬ 
time hours represents the results to be ex¬ 
pected if man-made noise were reduced to 
negligible proportions and atmospherics 
alone limited transmission. This is the 
situation which might obtain on trans¬ 


missions from a ship to a coast station. 
The difference between the two lines also 
gives an indication of how much intership 
range can be improved by clearing up 
noise sources on shipboard. At times 
when conditions are particularly favora¬ 
ble the useful range may extend out to the 
limits of the heavy hatching. During the 
night hours such results presuppose a 
predominant sky wave which is fairly 
steady. 

The light hatching illustrates the ex¬ 
tent to which the waves travel out beyond 
their useful range to cause interference at 
great distances. The nighttime inter¬ 
ference range runs off the figure out to 
some 2,000 or 2,500 miles. Even these 
distances may be exceeded under some 
conditions. Incidentally, the ratio of 
wanted to unwanted signal assumed in 
arriving at these limits was a rather 
modest one by most standards. 

Thus far it has been assumed that com¬ 
munication is taking place on a more or 
less cleared channel or one which is not 
especially busy. It has also been as¬ 
sumed that the equipment is in top condi¬ 
tion and is being used correctly. How¬ 
ever, if the equipment had not been given 
proper maintenance attention, or if the 
power supply voltage was not up whete it 
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belonged, the range would suffer a marked 
drop. Carelessness in the way the micro¬ 
phone is held or used, with resultant low 
modulation, could also result in large 
impairment in range as well as in intelligi¬ 
bility. Under such conditions the heavy 
line illustrating average range would be 
some 30 to 50 per cent lower than the 
position shown. 

The most serious threat to perform¬ 
ance, however, is interference. As was 
stated earlier, none of the experience up 
to the present time gives a clear idea of 
what to expect. However, the situation 
could be much like that on the intership 
channels today. If this turns out to be 
the case, the useful over sea water range 
of 2,182 kc would shrink to about the 
dashed line near the bottom of the figure. 

Conclusion 

The assurance of radiotelephone com¬ 
munications of sufficient reliability for 
safety purposes requires some under¬ 
standing of the underlying laws of nature 
and the factors which determine the re¬ 


sults it is hoped to attain. The natural 
laws and the possibilities and limitations 
of the frequencies used must be and are 
taken into account in planning radio serv¬ 
ices. Other determining factors, how¬ 
ever, are substantially within the control 
of those who use the service. 

The first of these controlling factors 
discussed, man-made noise, deserves care¬ 
ful consideration. The importance of 
proper filtering, shielding, and bonding, 
of shipboard engines, auxiliary motors, 
and other noise sources, cannot be stressed 
too strongly. 

Interference can be controlled only by 
limiting the use of the channel. The 
rules and regulations impose certain limi¬ 
tations but in the final analysis the matter 
is in the hands of the user. Marine or¬ 
ganizations can help by educational 
measures. 

The equipment to be provided, par¬ 
ticularly the power of the transmitter, 
although specified by the rules for certain 
ships, is ordinarily determined by the 
user in accordance with his needs. Par¬ 
ticular attention was directed to the im- 
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portance of providing a proper antenna 
• and ground, items which are often given 
inadequate consideration. 

The provision of a receiver for each fre¬ 
quency on which a vessel expects to 
operate in a given area has been men¬ 
tioned. Multiple receivers offer im¬ 
portant possibilities in reducing the use 
of 2,182 kc for ordinary calls to shore in 
that, by their use, such calls would be re¬ 
ceived and completed directly on the 
working frequency as recommended in 
the FCC rules. This would not only re¬ 
duce interference on the calling fre¬ 
quency but also would improve service 
generally. 

Radiotelephony in the 2 to 3-mc band 
lends itself well to the promotion of safety 
at sea. Proper attention given to instal¬ 
lation, maintenance, and correct use of the 
radio equipment will assure performance 
consistent with its potentialities. 
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Synopsis; The method of undetermined 
coefficients is applied to the solution of 
n f P £~ 5*° nlmear . electric circuit problems 
of importance in electrical engineering. 
Jroxi *T‘; th0d , ls shown to give useful ap- 
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tical circuits such as those involving sa¬ 
turable reactors, saturable capacitors, 
magnetic and dielectric amplifiers, etc., in 
which the forcing functions involved con¬ 
tain constant biasing potentials in series 
with sinusoids. Since the principle of 
superposition does not' apply to non¬ 
linear systems, the required solutions for 
the circuit response under the action of a 
forcing function containing a constant plus 
a sinusoid cannot be readily obtained 
from the response of the circuit to a forc¬ 
ing. function containing a sinusoid alone. 
It is therefore necessary to develop en¬ 
tirely new solutions for these more com¬ 
plicated forcing functions. 

The method presented in this paper is 
an extension of the method, of undeter¬ 
mined coefficients which is a standard 
method for solving linear problems to 
the nonlinear case. The method is an 
approximate one, but gives useful infor¬ 
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mation regarding the phase and ampli¬ 
tude of the forced periodic oscillations. 
No abstract general theory will be pre¬ 
sented but the method will be illustrated 
by applying it to typical nonlinear cir¬ 
cuits of practical importance. 

Forced Oscillations of Nonlinear 
Inductor 

An important technical problem is the 
computation of the amplitude and phase 
of the fundamental and the harmonic 
content of the steady-state current in a 
circuit of the type depicted by Fig. 1. 

. This circuit contains a harmonic poten¬ 
tial E m sin (wZ-f-0) and a bias potential E >o 
in series with a linear resistor and a non¬ 
linear inductor. The nonlinear inductor 
consists of a coil of N turns wound on a 
magnetic core having a cross-sectional 
area A and a mean length s. 

The differential equation that deter¬ 
mines the circuit current i is 

sSe^i 4 C O m , m^t 0mm ^ ded by the AIEE Baaic 
^ ! * nd a PP rov ed by the AIEE 
0perations presenta- 
}“ “• AIEE Summer and Pacific General 
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Ri+NJf^Ea+Em sin (wi-j-0) 



( 1 ) 

, where <6 is the magnetic flux in the core of 
the nonlinear inductor. The flux 4> is 
related to the current i by Ampere’s law 
which, expressed in suitable units, is 

H=Ni/s (2) 

where 

H = magnetic intensity of the core 
s = mean length of the magnetic path in 
the core 

For many practical purposes, the mag¬ 
netization curve of the core material of 
the inductor may be represented by the 
following third-degree polynomial 

B^noH-kH* (3) 

In this expression B is the magnetic in¬ 
duction and k is a constant determined 
empirically by adjusting equation 3 to 
fit the actual magnetization curve of the 
material of the core, mo is the initial per¬ 
meability of the core material. It is de¬ 
fined by the equation 

po~(dB/dH)u m. o (4) 

If A is the mean cross-sectional area of 
the inductor core, the flux <f> may be ex¬ 
pressed in the form 

<t>=AB=A( m -kH*)=A - i m -kA(Ni/sy 
s 

(S) 

Hence 

N<f> = (A N*to/s)i-(kA N*/s»)i * ( 6 ) 

It is convenient to write this expres¬ 
sion in the following form 

N<p—Loi—bi 3 (7) 

where 

N*A 

- , b—kAN*/s a ( 8 ) 

L a is the initial inductance of the non¬ 
linear inductor. If K<f> as given by equa¬ 
tion 7 is substituted into equation 1 the 
result is 

Lo~-\-Ri—b — * s =jSo+jEm sin («/-|-0) (9) 

at at 

To determine the steady-state response 
of the nonlinear inductor, it is necessary 
to determine a periodic solution of equa¬ 
tion 9. The method of undetermined 
coefficients suggests that a periodic solu¬ 
tion of the following form be assumed for 
the current 

io=Jo-fJ m sm (at) (10) 

where 

Jo “undetermined d-c component of the 
steady-state current 


Ifn — the undetermined amplitude of the 
fundamental of the steady-state 
alternating current of the circuit 

To determine Jo and I m , substitute 
equation 10 into the left member of equa¬ 
tion 9 and write 

/ 3 \ 

( ooLaljn — - few Im 3 o> J COS (at) — 

36Jo 2 J»nu— (3wJoJm 2 6) sin (2at)-\- 

0 6/ m 3 W^ COS (3a>0 (11) 

F(t) represents the potential drop that 
would exist across the circuit dements if 
the current flowing through the drcuit had 
the form of equation 10. Since the im¬ 
pressed potential of the circuit has the 
form 

£(/)=JSo+Bin sin («i~l“0) s *Fo4' 

E\ sin («0 +jEj cos (at) (12; 

where 

Ex =E m cos (0), Ei—Em sin (0) (13) 

it is evident that F(t) ?*E(t) and that 
equation 10 cannot be adjusted 1 to give 
the exact solution of the differential equa¬ 
tion 9. However, an approximate solu¬ 
tion of practical utility may be obtained 
by requiring that the constant term, the 
sine term, and the cosine term of F(t) 
be made equal to E(t). This stipulation 
leads to the following three equations 

RIo^Eo (14) 

Rim “ Ei = Em cos (0) (15) 

aLalm — 36wJ m (J m 2 /4-f-Jo 2 ) ^Er 2 = Em, sin (0) 

(16) 

These three simultaneous equations 
serve to determine the unknown ampli¬ 
tudes Jo and I m and the phase angle 0 be¬ 
tween the applied harmonic potential 
and the fundamental of the resulting al¬ 
ternating current of the circuit. Equa¬ 
tion 14 gives the following value for the 
direct component of the current 

(17) 

The amplitude of the alternating cur¬ 


rent I m may be obtained by squaring 
equations 16 and 16 and adding the re¬ 
sult. 

This procedure gives 

J m 2 ^ 2 +a>^L 0 -~ W m 2 -3Wo 2 ^ ~E« 2 

% " (18) 

This is a cubic equation in I m 2 and can 
be solved by a graphical construction for 
a given frequency w. In general equation 
18 will have either one or three real roots 
for the amplitude I m . The possibility of 
different amplitudes may lead to “jump 
phenomena” in special cases. 

If the bias potential is large so that the 
direct current J 0 is also large, it may be 
assumed that 

J ra 74«/o 2 (19) 

If the term I m 2 /4 is neglected in equation 
18, this equation can be solved for the 
amplitude I m directly. The result is as 
follows 



Equation 21 shows that the effect of 
increasing the bias potential is to decrease 
the effective inductance of the circuit 
and hence to increase the amplitude of 
the alternating current. This indicates 
that by changing the magnitude of the 
biasing potential it is possible to effect a 
considerable change in the amplitude I m 
of the alternating current of the circuit. 

The tangent of the phase angle 0 of the 
alternating current of the nonlinear in¬ 
ductor may be obtained by means of 
equations 15 and 16 in the form 

tan(0)=^=|(Jo-3&JSo 2 /E s ) (22) 

Ei K 

To this degree of approximation, it is 
seen that the nonlinear inductor circuit 
behaves as if it were a linear circuit that 
has a resistance R and an inductive react¬ 
ance Xx = «(Lo-3bE 0 2 /E 2 ). 
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E m sin(wr+ 0 ) 


Fig. 2. Saturable reactor 


Determination op Principal 
Harmonics 

To determine the amplitudes of the 
principal harmonics of the circuit, write 
the circuit differential equation 9 in the 
following form 

Ri — [£o-|--Ei sin (at) -\-Ez cos («/)] — 

/r , d \ 

\ u 7r b in < 23 > 

and substitute i-Io-\-I m sin (cot) into the 
right member of equation 23. If this is 
done and relations 14,15, and 16 are used, 
the resulting equation may be solved for i. 
The result is 

* =/ 0 -Km sin 00+^3^ lal^b^j sin ( 2 «/)- 
(3b \ 

\ 4R Im * U / COS ( 24 ) 

If the higher harmonics are desired, 
equation 24 may be substituted into 23 
and the resulting equation solved for i. 
The convergence of this procedure re¬ 
quires a separate investigation. If b is a 
small quantity, it may be shown to con¬ 
verge. 

Oscillations of Saturable Reactor 

As a second example of the general 
method, consider the saturable reactor 
circuit of Fig. 2 . This circuit consists of 
an iron core on which are wound two 
separate windings. The control winding 
contains N 0 turns and the output wind¬ 
ing N turns. In series with the control 
windings are a resistance R 0 and a direct 
potential source Eq. The output winding 
contains a load resistance R in series with 
a harmonic potential Em sin (at-\-8). By 
varying the magnitude of the control 
potential I 2 0 of the circuit, it is possible 
to vary the amplitude of the output cur¬ 
rent. 

An application of Kirchoff’s voltage 
law to the control and output circuits 
yields the following equations 

R(>io+Na<j>=Eo (25) j 

Ri+N4>= Em sin (ut+0) (26) t 


cuital law applied to the magnetic circuit 
of the core leads to the equation 

Hoi'o + Ni=sH (27) 

where s is the mean length of the magnetic 
path of the core. The magnetization 
curve of the core material may be ex¬ 
pressed by the empirical relation 

(28) 


H— magnetic intensity 
<t> — core flux 

w=initial permeability of the core material 
e=an empirical constant 

Equations 25 and 26 may be solved for 
the currents i Q and i in the form 

. Eq Nq 

<»> 

. Em ....... N 

*—J MU («/+*)—* (30) 

If H, i 0 , and i are substituted from 
equations 28, 29, and 30 into equation 27, 
the result is 

dn ■ *) 

~ s {^i +c *') (3i) 

This equation may be put into the 
more convenient form 

sin («H-0) (32) 

where 

Tax— 4 -— JT A . Lq Eq 

1 j? a =— — 

Ao R No Rq 

B -wf < 33 > 

Eg and L are two inductances given by 

T ^ A T N% A 

Lo=> hq —- A, L=no— A (34) 


F(t) sin (ut) 

“ ^ 0 +W+- + 

^j> m +3K<j> m (^ w 2 -(-0o s ^ Jx 

sin (al)+(Ta4> m ) cos (at) — 
sin (3at) — 

(3K<t>o \ 

l 2 ) cos (2«0 (36) 

If the constant term of F(t), and the 
coefficients of the sine and cosine terms 
are equated to the corresponding terms of 
the right member of equation 32, the fol¬ 
lowing three equations are obtained 


<£o+If 0 o 


where <j> is the magnetic flux in the iron 
core. In suitable units, Ampere’s cir- 


To obtain the steady-state solution of 
equation 32 by the method of undeter¬ 
mined coefficients, assume a solution of 
the form 

= sin (at) ( 35 ) 


i^ 0 o*+ 2^ m *) 


<f>m-{'3K<f>m(<l>m 2 +<l>o i ) =-B cos (0) (38) 

Ta<f> m = B sin (0) ( 39 ) 

These are three simultaneous equations 
to determine the unknowns <j>o, <f> m and 
the phase angle 8. If K is small, the 
second term of equation 37 may be neg¬ 
lected and the following approximate 
value for <j> 0 obtained 

<t>a=A ~ LqEq/ NqRq ( 40 ) 

If the control potential E 0 is large so 
that ( 0 / 4 )w 2 « 0 o 2 , the term M/4 
may be neglected in the second member of 
equation 38 and this equation written in 
the form 

0m(l+3Iir^o 2 )=B cos (0) ( 41 ) 

The sum of the squares of equations 39 
and 41 is 

^[TV-Kl+MT**)*] =# 2 (42) 


4>m=B/[T 2 w i +(l+3Ki> 0 i ) i ] lj ' i (43) 

The tangent of the phase angle 8 may 
be determined by dividing equation 39 
by 41. This procedure gives 

tan (0) = Ta/d+ZK^) ( 44 ) 

If equations 40 and 43 are substituted 
into equation 35, the following value for 
the core flux </> is obtained 

L E 

* *^ ~+LE m sin (at)/NR[T i a i + 

(l+&K*o*)*J , /» (45) 

This expression gives the approximate 
value of the core flux to terms of funda¬ 
mental order. 

Determination of Principal 
Harmonics of Cor£ Flux 

To determine the principal harmonics 
of the core flux, write equation 32 as 
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^**.4+5 sin (at-\r$)—(T<l>-\-K<j> s ) (46) 

If sin (cot+d) is substituted 

'into the right member of equations 46 
and 37, equations 38 and 39 are used to 
simplify the resulting expression and the 
following equation is obtained 


o+<t>m sin (c ot)+-<l>m a sin (3«/)-f- 
4 

3 

- K<f>o<t>m 2 cos (2 at) (47) 

The control current io may now be 
determined by equation 29 in the form 

. Eo No , 

*° R 0 Ro * 


Eo No / 

V 


COS (o}t)+-K<t>rri 2 X 
4 


cos (3 <ol) — 3K<M> m sin (2 at)J (48) 

The output ciurent i can be determined 
by the use of equation 30 and expressed 
in the following form 

* • f #1 o\ N I 

sin (w*+0) —— <}> 

K 

sin (at+8)~^o}(/> ni X 
Jx iv 


^cos (coi 


cos (3o>0 
4 

ZK<f>o<t>m sin (2 at)\ (49) 


The effect of the control potential E 0 
in influencing the amplitude of the out¬ 
put current is clearly apparent if o as 
given by equation 40 is substituted into 
equation 43 and <f> m written in the follow¬ 
ing form 

[ TW+(.l+3KLtE**/MRo*)] ~ x/t 
NR 

(SO) 

It is evident from equation 60 that an 
increase in the control potential Eo pro¬ 
duces a decrease in 4> m and this in turn 
produces a change in the output current 
* as is apparent from equation 49. 


■E c = potential across the plates of the 
nonlinear capacitor 

q =charge separation on the plates of the 
capacitor 

So — initial elastance of the capacitor 

The coefficient a is a positive constant 
that depends on the characteristics of the 
nonlinear dielectric of the capacitor. 9 
The capacitor charge q and the circuit 
current i satisfy the differential equation 


L ~ — \-Ri-)-Soq-\-aq 3 — Eo-^Em sin (w£-j-0) 
at 


To obtain the steady-state periodic 
solution, the method of undetermined 
coefficients suggests that a periodic solu¬ 
tion of the following form be assumed for 
the current and charge of the circuit 

i=I m sin (cot) (53) 

q—Qo —— cos (at) (54) 

a 

Qo is the constant charge accumulation 
on the plates of the capacitor and I n is 
the maximum amplitude of the alternat¬ 
ing current of the circuit. We now sub¬ 
stitute equations 63 and 54 into the left 
member of equation 52 and let 

F(t) =L (j+Ri+Soq+aq 3 ) 

\dt } sin ( u t) 

■* [•S’o@o+ aQo 3 + SaQoIm?/2a 2 ] + 

sin (at) -j- (^aLFm So — 

3aI m i /4a*—3aQo i Im/u^J cos (at)— 

[al n */4a*\ cos (3arf)"f" 

3aQoIm 2 cos (2at)/2a i (55) 

Following the general procedure, we 
now equate the coefficients of the con¬ 
stant, sin (at) and cos (at) terms of F(t) 
and the corresponding terms of 

E(t) = Eo-\-Em sin (coJ-j-0) B= -Eo+ 

Em cos (0) sin («0+ 

E m sin (6) cos (at) (56) 


and obtain the following three equations 
SoQo+aQo(Qo 2 +3I m */2a*)=Eo (57) 

Rim = Em. cos (6) (58) 

I m (aL-So/a)-3- I m (Qo 2 +I m 2 /4a 2 ) 

Cl) 

=E m sin (d) (59) 

Since the parameter a of the nonlinear 
capacitor is small, the second term of 
equation 57 may be neglected and the 
following approximate value obtained for 
Qo 

Qo-^-CiEo (60) 

Oo 

where Cq=1/S 0 is the initial capacitance. 
If the bias potential E 0 is large in compari¬ 
son with the maximum value of the ap¬ 
plied harmonic potential so that Eo»Em, 
then for the usual frequencies used in 
practice we have 

Qo 2 »im 2 /4a> 2 (61) 

If the term I m 2 / 4w 2 is neglected in 
equation 59, this equation may be written 
in the form 

I m ^aL—^(So-\-3aCo 2 Eo 2 ) ^ =E m sin (0) (62) 

Hence if equations 58 and 62 are 
squared and the results added, we obtain 
the following equation 

/m 2 [* 2 + ^L-^(5 0 +3aCoW)yj =E m * 


The amplitude of the alternating cur¬ 
rent of the circuit is therefore given by 

Im (So+3aCo 2 Eo 2 )) ] ’ 

(64) 


It is thus apparent that the effect of 
the bias potential is to increase the effec¬ 
tive elastance of the system by an amount 
3aCo 2 E 0 2 . 

The tangent of the phase angle 0 may 


Forced Oscillations of Nonlinear 

Capacitor 

As a third example of the general pro¬ 
cedure, consider the circuit of Fig. 3. 
This circuit consists of a linear resistor 
and inductor in series with a nonlinear 
capacitor. The circuit is energized by a 
harmonic potential Em sin (coi+0) and a 
direct biasing potential Eo. It will be 
assumed that the saturation curve of the 
nonlinear capacitor may be approximated 
by the following cubic polynomial 9 ’ 10 

Ec^Soq-j-aq* (51) 



Nonlinear 


E m 8ln(«t+0) 

Fig. 3. Nonlinear capacitor 
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be obtained by the division of equation 62 
by 62. The result is 

tan ( 6) = (*L- j(5o+3aCo 2 £o 2 )^/ie (65) 

It may be noticed that if the circuit of 
Fig. 3 does not contain inductance then 
L-0, and equation 65 reduces to 

Im s, Em/[R 2 +(So+3aCo i Eo 1 ) a /c>)*] V* (66) 

The effect of the bias potential in in¬ 
creasing the effective impedance of the 
circuit is clearly evident in equation 66. 
It is thus apparent than an increase of the 
magnitude of the bias potential produces 
a corresponding decrease in the ampli¬ 
tude of the alternating current. This 
principle is the basis of the operation of 
dielectric amplifiers. 9 

Determination of Principal 
Harmonics 

The amplitudes of the principal har¬ 
monics of the circuit may be determined 
by writing equation 52 in the following 
form 

*Soff = [-Eo+£ m sin (at+O)] — 

(l ~£t +<R»+«ffA (67) 


E 0 



E m sln(u» t -hff) Output Circuit 
Fig. 4. Series-connected magnetic amplifier 


and substituting equations 53 and 54 
into the right member of equation 67. 

_ ^ equations 57, 58 and 59 are used to' 
simplify the resulting expression, it can 
be written in the form 

cos (<ot)+aI m * cos (3al)/4a*So— 
3aQoI m 2 cos (2ut)/2o) 3 So (68) 

The circuit current is then given by 
. dg 

$m Jj ~ Im sin («^)—3cCo/ m * sin (3w/)/4« a -f- 
SaQalm 2 sin (2wt)/uSo (69) 


coefficients gives useful information when 
applied to the study of the response of 
magnetic amplifiers. To illustrate the 
general principles involved, the method 
will be applied to the study of the steady- 
state response of the symmetrical series- 
connected magnetic amplifier depicted 
in Fig. 4. 

The basic equations of the circuit of 
Fig. 4 are obtained by an application of 
Kirchhoff’s voltage laws and Ampere’s 
circuital law for the electric and magnetic 
loops of the amplifier. These equations 
are 


tween the magnetic intensity and the 
magnetic flux of the cores may be ex¬ 
pressed by the following equations 

Ha =<f>a/ -f- ( 74 ) 

where 

«>== initial permeability of the core material 
c =an empirical constant 

If equations 70 and 71 are added and 
the sum (tt+H) is expressed in terms of H a 
by equation 72, the result is 


The current therefore contains a 
second- and third-harmonic current com¬ 
ponent. 

Steady-State Oscillations of Series- 
Connected Magnetic Amplifier 


ZRh+Nda+fo) =220 

(70) 

2R-k+N(<f> a —<j >b )=:E m sin (wt+d) 

(71) 

NOi+it) ^sH a 

(72) 

N(ii—i 2 )*=sH b 

(73) 

where 



4>a+RsH a /N 2 = [E 0 +E m sin (at+6)]/2N 

(76) 

If equation 71 is subtracted from 70 
and (ii—it) is expressed in terms of H b 
by equation 73, the result is 

4b+RsH b /N 1 =*[E 0 —Em sin (ut+0)]/2N 


In recent years, magnetic amplifiers 
have been used more and more extensively 
as reliable substitutes for vacu um- tube 
amplifiers and many analytical papers 
explaining their operation and design 
have been published. 15 

Because of the difficulties involved in 
the solution of the nonlinear differential 
equations that govern the response of 
magnetic amplifiers, the published analy¬ 
ses of these devices contain various sim¬ 
plifying assumptions and approxima¬ 
tions. The method of undetermined 
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H a , H b —magnetic intensities of the cores 
a and b 

<f>a, <£&-magnetic fluxes in the corresponding 
cores 

For simplicity, it is assumed that the 
amplifier under consideration is sym¬ 
metric so that all the windings have an 
equal number of turns N, and equal ohmic 
resistances R. s is the mean length of 
the magnetic path of the two cores, and A 
their cross-sectional area. It will be as¬ 
sumed that the saturation curve of the 
core material is such that the relation be- 


m 

H a and H b may be expressed in terms 
of 4> a and <j> b by equations 74 and 75, and 
equations 76 and 77 may be written in 
the following form 

^a+R<f»a/Lo+k<l>a a - [Eo+E m siaX 

(*>t+0)]/2N (78) 
4b-hR<f>b/Lo+k<f> b *=: [Eo-i^ sinX 

(ut+0)]/2N (79) 

where 

Lo~hqN 3 A/s, k<=Rsc/N 1 (80) 

The quantity L b is the initial inductance 
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of one of the core windings. Equations 
78 and 79 for the fluxes of the cores are 
both of the general form given in the fol¬ 
lowing 

<l>-)rR<l>/L<r]rk<t> s =a [E^-\-E m sin (<o/-j-0)] /2N 

(81) 

To obtain the approximate steady- 
state solution of this equation by the 
method of undetermined coefiicients, as¬ 
sume a solution of the form 

<t> = 4 > 0 + 4 >m sin (cat) (82 ) 

If this expression for <f> is substituted 
into the left member of equation 81, the 
result is 

F(t)-(^+R</>/Lo+k<f>% = ^,+^ m S i n ( ut ) 

|jjr (-0°^ Jx 

sin (co/)-f (catf> m ) cos (cat)— 

<tx><t>m 2 ^ cos (2oat) — 

^ sin (3w/) (83) 

The constant term and the coefficients 
of sin (oat) and cos (oat) are now equated to 
the corresponding terms of the right mem¬ 
ber of equation 81. This procedure leads 
to the following three equations 

|| *+**(*■+*£) =Eo/2iV (84) 

~ <fc«+=£„ cos (0)/2N 

^ ’ (85) 

ca<f>fn = Ejn sin (0)/2N (86) 

The system of algebraic equations 84, 
85, and 86 determines the unknown 
quantities <f> 0 , <f> m , and the phase angle 9. 
The solution of this system of equations 
presents formidable difficulties but an ap¬ 
proximate solution may be effected by 
realizing that the constant k=Rsc/ N 2 is a 
small quantity in cases of practical im¬ 
portance. If the term containing k in 
equation 84 is neglected in comparison 
with the first term, then this equation 
may be solved for 4>o with the following 
result 

<t>o—Lt)Et)/2NR (87) 

Now, for sufficiently large values of the 
bias potential E 0i the assumption 4>m i « 
<f>o 2 may be made, and equation 85 may be 
written in the form 

<t>m ^~+3&$o ^ — Em cos (9)/2N (88) 

If equations 86 and 88 are squared and 


the results added, the following equation 
is obtained 

tmW+iSktf+R/La)*] ~E m 2 /±N 2 (89) 

or 

<t> m ~E m /2NW+(R/U+2k<t>m V* (90) 

Hence the approximate solution of 
equation 81 is given by 

4>=‘Li>Eo/2NR~\-E}n sin (wi)/2i7[w 2 -{- 

(R/Lc+Zkwn''* (91) 

The tangent of the phase angle 9 is ob¬ 
tained by dividing equation 86 by 88 and 
obtaining 

tan (9) =* oa/(R/U+Zk<fo 2 ) (92) 

Principal Harmonics of Core Flux 

To compute the principal harmonics of 
the core flux, write equation 81 in the 
following form 

Rifa/Lo** [Eo-h-Ein sin (wt-\-0)\ /2N— 

(t+W) (93) 

and substitute </> = <£o+0msin (ut) in the 
right member of equation 93. If this is 
done and equations 84, 85, and 86 are 
used to simplify the result, the following 
expression for <t> is obtained 

<t> = <fao+<j>m sin (ut)+(kLo<M>tn*/2R)X 

cos (2cat)+ LoQrn^J sin (3a at) (94) 

To this degree of approximation, the 
core flux is seen to have second- and 
third-harmonic components. Comparing 
equations 78 and 79 for the determination 
of 4> a and fa with equation 81, it is seen 
that the fluxes <f> a and are, in the 
periodic steady state 

<£a=“£o+<£in sin (cat)+Ai cos (2ut)+ 

Bt sin (3a>0 (95) 

sin (wO+'dscos (2 cat) — 

B 3 sin ( 3cot) (96) 

where 

Ai~(kUw m 2 /2R), B^kLrinS/tR) (97) 

To determine the control current of 
the magnetic amplifier, equation 70 may 
be solved for ii in the form 

ii = E 0 /2R - N(4a+<f>b)/2R (98) 

If equations 95 and 96 are differentiated 
and the results substituted into 98 we 
obtain 

ii=Eo/2R+2NoaAi sin (2o >t)/R (99) 

and the control current is seen to have a 
small second-harmonic component of the 
output potential. The output current h 
may be obtained by solving equation 71 
in the form 

ii~E m sin (cat+d)/2R+N(fo-<i>a)/2R (100) 


If the time derivatives of equations 95 
and 96 are substituted into 100 the result 
is 

sin (ot+6)/2R—caN[<j> m cos (o»0+ 

35acos(3o>0]/j? (101) 

and the output current is seen to contain 
a third-harmonic component of the ap¬ 
plied potential. The effect of the control 
potential on the output current may be 
clearly seen if equation 87 is substituted 
into 90 and <j> m written in the following 
form 

4hn “ Em/2N[ca*+(R/Lc+ 

3*Zo*£oV4J7*£*) 2 ] l/ ‘ (102) 


Conclusions 


The analysis presented in this paper is 
an attempt to apply the classical method 
of undetermined coefficients which has 
proved so useful in the analysis of linear 
systems so as to obtain the approximate 
solutions of the basic differential equations 
of typical nonlinear electric circuits of 
importance in engineering. 

The examples of the application of the 
method indicate that useful practical re¬ 
sults may be obtained by this procedure 
in a very simple manner. The method 
appears to be particularly well adapted to 
the study of electric circuits that contain 
biasing control potentials. The effect 
of the control potentials on the current 
amplitudes involved and the amplitudes 
of the principal harmonics that are pres¬ 
ent in the circuits may be easily deter¬ 
mined by the method of undetermined 
coefficients. 
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T HE increasing number of applica¬ 
tions of magnetic amplifiers to auto¬ 
matic control problems has brought about 
the necessity of being able to measure 
and to describe analytically the perform¬ 
ance of such amplifiers as a function of 
time, so that the designer is able to pre¬ 
dict the stability of a control system in 
which they are used. The time function 
most useful in applying a magnetic 
amplifier to a closed-loop control system 
is its frequency-response characteristic 
which describes the action of the amplifier 
in terms of amplification and phase shift 
of a sinusoidal control voltage which is 
varied in frequency over some specified 
range. 

This article describes equipment and a 
technique that have been developed to 
measure magnetic amplifier frequency 
response. An analytical expression for 
the transfer function of a full-wave self- 
saturating magnetic amplifier is pro¬ 
posed on the basis of experimental data 
presented. 

Cyclic Integration 

Obtaining frequency-response data for 
a magnetic amplifier is complicated by 
its pulsating, variable wave form, output 
voltage. Interpreting such a voltage is 
difficult, since the wave form peak value is 
not a measure of its average value. The 
component of output voltage having con¬ 
trol-signal frequency must be extracted 
from this wave form and the gain and 
phase shift between it and the control 
signal determined. The average value 
of output voltage is the quantity us ually 
of prime interest because most electrical 


control elements are linearly responsive 
to their average input voltage. 

An electronic measurement device, 
called a cyclic integrator has been devel¬ 
oped which transforms the magnetic 
amplifier output voltage wave form to a 
different wave form that can be easily 
interpreted. The cyclic integrator gen¬ 
erates a narrow pulse of voltage during 
each half-cycle of the power supply volt¬ 
age. The magnitude of each pulse is pro¬ 
portional to the average value of the mag¬ 
netic amplifier output voltage during the 
half-cycle period preceding the pulse. 
The envelope of this series of pulses ran 
be observed with an oscilloscope to study 
the manner in which the average output 
voltage of the magnetic amplifier varies. 
The equipment and measurement method 
can be used with any magnetic amplifier 
circuit which produces an output voltage 
of the general wave shape shown as e t 
in Pig. 1. That is, the output is a recti¬ 
fied sine wave in which only the leading 
part of each pulsation is varied to control 
the output. 

Fig. 1 shows the basic circuit for the 
cyclic integrator. The integrating cir- 
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cuits are the resistance-capacitance net¬ 
works Ri, Ci, and R 2 , C 2 . The time con¬ 
stants of these circuits are of equal value 
and are sufficiently long so that the volt¬ 
age across the capacitors approximates 
very closely the time integral of the mag¬ 
netic amplifier output voltage, for the 
proper relation between R and C as indi¬ 
cated by the approximation in Fig. 2. A 
twm-triode tube, properly p h a s ed, con¬ 
trols the discharge of capacitors C x and C 2 
during each cycle of carrier voltage so 
that the average value of each output 
pulse results. 

In connection with the -wave forms 
shown in Fig. 1, at t-h 


1 r h 

e '~Kc 1 J h “ d ‘ w 

At t 2 the gating voltage e 3 goes positive, 
driving the left-hand side of the twin 
triode to zero bias, and causing a rapid 
discharge of C\ as shown by the wave form 
of ei. At the same time the gating volt¬ 
age e 6 goes negative allowing C 2 to charge. 

The rapid change in e\, impressed on 
the differentiating circuit R 3 , C 3 which 
has a very short time constant, produces a 
pulse of voltage e 2 across R s equal in 
magnitude to the voltage e x at t 2 . Thus 




( 2 ) 


i he average value of any voltage as a 
function of time, between two limits t x 
and t 2 is 



(3) 


Therefore, the magnitude of the first 
pulse at h is 



Since h~h is one half-cycle of the power 
supply frequency and is a constant 


e 2 = Constant X (average value of 

ei between h and t%) (5) 


During time t 2 to t s , capacitor C 2 
charges, making 


i r h 

e *~p~r I e i dt 
•K 2 L i j I, 


( 6 ) 
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Fig. 1. Basic cyclic integrator circuit and 
wave forms 


and at ta, the gating voltage e 5 goes posi¬ 
tive, driving the right-hand side of the 
twin triode to zero bias, and short-cir¬ 
cuiting Ca. This rapid change in e t is 
impressed on the short time constant cir¬ 
cuit Ra, Q; and a pulse of voltage is pro¬ 
duced across Ra equal in magnitude to the 
voltage «4 at h- By the same analysis 
used before, the magnitude of the second 
pulse is 

«2 = Constant X (average value of 

e% between h and t 3 ) (7) 

This process is repeated so that at the 
end of each half-cycle of the gating volt¬ 
age, a pulse is produced which has a mag¬ 
nitude proportional to the average value 
of the input voltage during the preceding 
half-cycle. Thus a magnetic amplifier 
output wave form, applied as e t to the 
cyclic integrator, is transformed to a 
series of pulses which varies in the same 
manner as the magnetic amplifier average 
output voltage. 

Fig. 3(A) shows the output voltage of a 
magnetic amplifier, the firing angle of 
which is being modulated either side of 
an arbitrary 90-degree firing angle by a 
sinusoidal signal. From the wave form 


TO MAGNETIC 
AMPLIFIER POWER 
SUPPLY 


5TT SEC. OR 7T RADIANS-t 

*'• i i 


t SEC. OR J> RADIANS 

I ' ' 1 i 



it is not very apparent that there is a 
sinusoidal variation in its magnitude. 
Fig. 3(B) is a plot that shows only the 
signal-produced changes in the wave 
form of Fig. 3(A) measured from the 
average firing angle. It demonstrates 
the manner in which changes in the mag¬ 
netic amplifier output occur. These 
changes occur at discrete time intervals 
and can be represented as small pulses of 
voltage either adding to or subtracting 
from some average output voltage 
These pulses have variable width, and 
the magnitude of their effect on the un¬ 
modulated wave form is difficult to 
visualize. However, if each variable 
width pulse is replaced by a pulse having a 
peak value proportional to the volt-time 
integral of the variable width pulse, a 
wave form such as that shown in Fig. 
3(C) will result. The envelope of this 
wave form follows the wave shape of the 
input signal and shows the sinusoidal 
nature of the magnetic amplifier output 
variations. 

The cyclic integrator output wave form, 
shown in Fig. 3(D), is composed of pulses 
similar to those represented in Fig. 3(C). 
The cyclic integrator pulses show the 
manner in which the incremental changes 
add to and subtract from the unmodu¬ 
lated magnetic amplifier output. 





E ‘ > So / E '<" 


Fig. 2. Simple integrating circuit 


Fig. 3. A—Modulated magnetic amplifier 
output voltage. B—Pulses representing in¬ 
cremental change in wave form. C—Average 
value of incremental pulses. D—Cyclic in¬ 
tegrator output 

It must be noted that for the case 
shown in Fig. 3(D), the cyclic integrator 
pulses occur at the end of the power 
supply half-cycle. For this condition 
there is a relative phase shift between the 
ideal envdope of the pulses of Fig. 3(C) 
and the actual envelope of the cyclic inte¬ 
grator pulses of Fig. 3(D). This phase 
shift amounts to an error in the cyclic 
integrator indication. The time delay 
between the two envelopes is indicated 
on these figures by time t, which can be 
expressed as a phase shift in terms of 
either the power supply frequency or the 
signal (modulation) frequency. 

In terms of the power supply frequency 

i 1 

(8 > 

where ^ is the phase angle between the 
firing point of the magnetic amplifier 
and the occurrence of the cyclic integrator 
output pulse in radians and f e is the 
power supply frequency in cydes per 
second. 

In terms of the signal frequency 

<i> 1 

‘-tv. (9) 

where <j> is the phase angle between the 
envelope of incremental change and the 
envelope of cyclic integrator output and 
f t is the modulation frequency in cydes 
per second. Thus 

* ±J- L (l0 , 

«•% TV. 
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Fig. 4 (left). Effect Fig. 6. Typical Lissajous patterns 

of gating voltage 

phase on integrator H — peak-to-peak amplitude of E» sin w»t 
output “SE. (held constant) 

^ peak-to-peak amplitude of square wave 
s =2E,(held constant) 


before Ci and C 2 are discharged by the 
twin-triode tube. This error is a relative 



WHERE VOLTAGES 
REFER TO FIG. I. 

6 *RELATIVE PHASE SHIFT 
e 3 AND CARRIER. 



,J ± , 

*~T.* (“) 

The phase shift error <f> between the 
envelope of tlie cyclic integrator output 
and llie actual modulation of the mag¬ 
netic amplifier output is therefore propor¬ 
tional to the ratio of the signal frequency 
to the power supply frequency and to the 
phase angle \f/ between the firing point of 
the magnetic amplifier and the occurrence 
of the cyclic integrator output pulses. 
This error is made negligibly small by 
reducing 0 to a minimum through the use 
of a phase shift network in the gating volt¬ 


age circuit. 

In Fig. 4 a square wave output is con¬ 
sidered to clarify the action of the inte¬ 
grator- The gating voltage e s is varied 
in phase so that voltage e\ and et across 
capacitors Ci and C* vary. However, the 
composite curve of voltage e 2 shows that 
approximately the same peak value re¬ 
sults for all cases, while the amount of 
phase error depends on the position of the 
gating voltage. 

Some positions of gating voltage will 
result in more accurate integration than 
others, depending on the length of time 


60 OR 400 CYCLE 
POWER SUPPLY 



Fig. 5. Block diagram for cyclic integrator equipment 


error and does not affect the resulting at¬ 
tenuation plot. In addition, the gating 
voltage is usually set at the firing angle 
so that the phase-angle error will be mini¬ 
mized and maximum absolute accuracy 
in the attenuation reading will result. 

Measurement Equipment 

The block diagram of the system used 
for measuring the frequency response of 
the magnetic amplifier is shown in Fig. 5. 
An electronic ultralow-frequency oscilla¬ 
tor is used to generate a signal voltage 
which is amplified by a direct coupled 
power amplifier. The output of the 
power amplifier drives a signal winding on 
the magnetic amplifier through an at¬ 
tenuator, resulting in an output which is 
modulated at the signal frequency. The 
output voltage from the magnetic ampli¬ 
fier is applied to the cyclic integrator and 
thereby transformed to a wave form of 
pulses, the amplitude of which varies in 
accordance with the average output volt¬ 
age. The output of the cyclic integrator 
is applied to the vertical deflection ampli¬ 
fier of a d-c oscilloscope. The horizontal 
deflection amplifier of the oscilloscope is 
driven by the sinusoidal signal voltage 
from the oscillator after it has passed 
through a calibrated phase shifter. Driv¬ 
ing the oscilloscope in this manner pro¬ 
duces a Lissajous pattern which is used to 
indicate phase shift and amplification. 

To achieve maximum safety in opera¬ 
tion, one terminal of the equipment and 
magnetic amplifier output is grounded, as 
shown in Fig. 5. When the magnetic 
amplifier is supplied from a grounded a-c 
line, an isolation transformer is required 
to prevent short-circuiting part of the 
magnetic amplifier circuit. 
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Measurement Technique 

The oscilloscope presentation on a high 
persistence screen is shown in Fig. 6, 
demonstrating the manner in which the 
Lissajous pattern is effected by changes 
in the relative phase angle between the 
signal frequency modulation envelope 
from the cyclic integrator and the hori¬ 
zontal deflection voltage from the phase 
shifter. The adjustable phase shifter is 
used to reduce the relative phase shift be¬ 
tween the vertical and horizontal voltages 
to zero as shown by the straight-line Lis¬ 
sajous pattern in Fig. 6(A). When this 
adjustment has been made the calibrated 
dial of the phase shifter directly indicates 
the phase angle between the sinusoidal 
signal voltage and the sinusoidal modula¬ 
tion appearing in the magnetic amplifier 
output. The correct phase-angle read¬ 
ing for each signal frequency value con¬ 
sidered will be indicated by the same 
straight-line Lissajous pattern shown in 
Fig. 6(A). 

The modulation amplitude of the sig¬ 
nal-frequency component appearing in 
the magnetic amplifier output is indi¬ 
cated in Fig. 6. Usually this amplitude 
will change as a function of signal fre¬ 
quency. Measurements of amplification 
are made by maintaining a constant 
modulation amplitude each time the 
signal frequency is changed. This is ac¬ 
complished by changing the driving power 
to the magnetic amplifier signal winding 
an appropriate amount by means of a 
gain control in the power amplifier. Be¬ 
fore each reading this gain control, which 
is calibrated in decibels, must be adjusted 
to give a constant modulation amplitude 
for each signal frequency as indicated by 
the trapezoidal oscilloscope pattern. It 
is to be noted that the gain control af¬ 
fects only the a-c component and not the 
d-c bias level. 

A value of amplification for steady- 
state conditions (i.e., for d-c signals), in 
addition to those values obtained for sinu¬ 
soidal signals, is necessary to complete 
the frequency-response curve. This 
value may be obtained by using the 
square-wave output available from the 
low-frequency oscillator. A square wave 
with a peak-to-peak amplitude of 2JS, is 
used instead of the sine wave E s sin u s t. 
The frequency of the square wave is made 
sufficiently low so that the magnetic am¬ 
plifier output reaches a steady-state value 
after each reversal of the square wave. 
Then the calibrated gain control of the 
power amplifier is adjusted so that the 
same modulation amplitude that was 
used for the sine wave signal test is ob¬ 
tained using the square wave signal. 
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voltage source indicated has zero internal 
impedance and represents the bias ad¬ 
justment which is incorporated in the 
power amplifier. 

In Fig. 7 the N*/R of the signal circuit 
was held constant while the firing angle 
was varied. The circles in these figures 
represent the experimental attenuation 
and phase-angle points as determined by 
the cyclic integrator equipment. The 
break frequency, /*, for each of the three 
conditions was determined graphically by 
finding the intersection of the low-fre¬ 
quency and high-frequency asymptotes. 
In addition to the experimental data 
there are three phase curves shown which 
were calculated from equation 12, using 
the value of f t as indicated in the figures. 


- ^T“av 


If ___ 


Ke 

'(l+jZTf'Ti) 


f s “ FREQUENCY- CPS 

Rj- 7(0. Frequency-response characteristic. Condition 3, «„_78 degrees, In-0.055A, 
average modulation = =fc0.004A. 

Equations from which the solid-line phase curves were calculated: 

— = — Is. —1 

f« n fi angles and modulation limits used in 

f t Fig- 7 is also shown. The equivalent 

'“^ =a ^“«v+tan“ I j signal circuit resistance of 123 ohms in¬ 

cludes the effect of the power amplifier 
-ft - tan' 1 - output impedance. The variable d-c 


K=a constant 

r< =i?r 

fa — a>,/27r =signal frequency 
/o= wc/2tt= carrier frequency 
otav — the average firing angle, radians 
£o=the output voltage change (a sinusoidal 
quantity of signal frequency) 

-E a —the input voltage producing the change 
(a sinusoid) 

The equation consists of a term in the 


shape and size at each signal frequency 
over the frequency range of interest. 
Readings of signal frequency in cycles 
per second, amplification in decibels, 
and phase shift in degrees co ns titute 
the desired frequency-response datq jt 
should be re-emphasized that all data 
are read directly from calibrated dials, 
the oscilloscope presentation being used 
only for maintaining a constant pattern. 

Typical Data 

The frequency-response characteristic 
of a General Electric amplistat catalogue 
no. 93G753G1, is summarized in Fig. 7. 

This is a one volt-ampere, plug-in, self- 
saturating magnetic amplifier using 
square loop core material and germanium 
rectifiers. The frequency respo nd curves 
are for three different firing ang les a nd 
small amounts of modulation. 

The static transfer characteristic for 
the amplifier is shown in Fig. 8. This 
curve was obtained in the normal manner 
hy varying the d-c signal only, with zero 
modulation. The three average firing 
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denominator which is associated with the 
normal inductance-resistance signal cir¬ 
cuit time constant 1 and a term in the 
numerator which is called the transporta¬ 
tion lag. The phase angle associated 
with the first term is 6%, while 0i and 0 2 are 
the total phase shift of the transfer func¬ 
tion calculated for two conditions of the 
transportation lag. The assumption is 
often made that this lag is a full half- 
cyde of carrier frequency indicating that 
the firing angle is 180 degrees or r radians. 
This applies for the 0i curve in which a 
has been set equal to x radians and indi¬ 
cates the maximum phase shift. How¬ 
ever, the best correlation between calcu¬ 
lated and experimental phase-angle curves 
results when the transportation lag phase 
shift is a function of the firing angle a as 
for the 02 curve. The agreement of the 
analytical and experimental curves indi¬ 
cates the usefulness of the transfer func¬ 
tion which is nonrigorously derived in 
Appendixes I and II. 

Additional information regarding the 
time constant of the amplistat can be 
obtained from the data shown in Fig. 7. 
At the three points checked experimen¬ 
tally the time constant, as determined 
from the break frequency /<, is longer for 
a =108 degrees than it is for a —78 or 
141 degrees. This indicates that the 
time constant varies with the firing angle 
a being maximum in the linear part (a — 
x/2 radians) of the control characteristic. 
This might be thought of as the point of 
maximum effective inductance. It is of 
particular interest to note the correlation 
between the conclusion of Storm 2 and 
these experimental data. 

Versatility of Cyclic Integrator 

A complete analysis of the magnetic 
amplifier circuit for widely varying condi¬ 
tions is readily obtained with the equip¬ 
ment described in the paper because the 
accumulation of test data is greatly facili¬ 
tated. This is largely a result of: 

1. Direct reading attenuation and phase 
angle dials. 

2. Rapid adjustment of equipment at each 
new test frequency. 

3. Accuracy of measurements. 

As an example, the common time con¬ 

stant versus N 2 * * * * /R curves 8 is easily plotted 
from a series of frequency response 

curves. All of the curves would be taken 
at the same firing angle and with the same 

number of signal turns, while the signal 
circuit resistance would be changed in 
each curve. In each resulting frequency- 

response curve the signal frequency at 
which the break in attenuation curve 


occurs is a direct indication of the time 
constant. As an additional check the 
phase-angle reading should be about 45 
degrees at the same frequency. 

Accuracy 

The accuracy of the readings obtained 
with the cyclic integrator depends largely 
on the familiarity of the operator with 
the equipment. In general, his measure¬ 
ment of phase angle will be within =t 3 de¬ 
grees and attenuation within =t 1 decibel. 

Conclusions 

The use of extremely nonlinear ele¬ 
ments in the form of square hysteresis 
loop core materials and the various types 
of rectifiers makes the servo synthesis 
problem seem formidable where magnetic 
amplifiers are involved. Indications from 
the experimental study covered in this 
paper are that magnetic amplifiers do 
perform linearly for small signal levels 
and can be determined analytically with 
sufficient accuracy for closed-loop control 
system stability studies. 


Appendix I. Discussion of 
Transfer Function 


The expression 

Ci>$ 

e, = _kT 


Ke 


-i 


(1 +j2*f 8 Ti) 


( 12 ) 


has not been derived but does correlate very 
closely with the experimental data obtained 
with the cyclic integrator equipment. 
Though no derivation is available, it is pos¬ 
sible to deduce the expression on the basis 
of the following physical picture approach. 

Assuming that the control signal exerts 
no effect on the core during the gating half¬ 
cycle, the conventional bridge circuit mag¬ 
netic amplifier operates as follows: The 
output voltage is varied by changing the 
time of firing, (i.e. the firing angle); the 
firing angle is controlled by the core flux 
level prior to initiation of the gating half¬ 
cycle. 

Control of the magnetic amplifier then 
might be considered to occur in two steps: 
1. Establishment of a control flux level by 
the input voltage, much as occurs in the con¬ 
ventional iron core reactor. 2. Expression 
of this control level in the output after a time 
delay imposed by the magnitude of the firing 
angle. 

The control flux level, being akin to flux 
change in a conventional reactor might then 
be related to the input voltage by 


A<f> 

E* 



Ki 

(1+jusT) 


(13) 


where 

A4*=the change in control flux level 


Es =the input voltage producing the change 
(a sinusoidal quantity of signal fre¬ 
quency) 

L s =the equivalent inductance of the signal 
circuit 

R, ■= the signal circuit resistance 
«s=the signal frequency in radians per 
second 

Ki—a. constant 
T=L,/R. 

Expression of the control flux in the out¬ 
put, is delayed by the time required for gat¬ 
ing voltage (volt-time integral) to effect the 
flux excursion from control flux level to satu¬ 
ration. This might be considered a trans¬ 
portation lag. The relationship between 
control flux level and expression of the con¬ 
trol in the output then is 


A<(> 


(14) 


where 


Eo—the output voltage change (a sinusoidal 
quantity of signal frequency) 
o><=the frequency of the carrier voltage 
(supply), radians per second 
a constant 

a a y= the firing angle, radians 

The r esulting over-all transfer function 
then is 


Eo A<f> Eo -Kj€ a ° 




(i+;‘2ir/*r) 


(IS) 


where 

jST=a constant 

f,-t he signal frequency, cycles per second 
/„=the carrier frequency, cycles per second 
T~L*/R, 


Appendix II. Expression for 
'Transportation Lag" 

The transfer function for a magnetic 
amplifier as stated in Appendix I is of the 
nonminimum phase shift type because of the 
transportation lag term. An expression for 
this term follows in which the modulation'is 
considered to be extremely small so that the 
change in firing angle is negligible. 

In connection with Fig. 3: 

o» v =firing angle in radians and can be made 
any value from 0 to t of the carrier 
=time equivalent of the average firing 
angle and is the transportation lag in 
seconds 

Also 

_1_ 

(m> 

T Of*v 
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or 



fi(t) A* 26 


(24) 


But for a differential equation of this type 
with a sinusoidal driving function it can be 
written 


A<p 


(25) 


Substituting equation 17 yields the expres¬ 
sion for transportation lag 


■E, _y" 4 «, v 

A^ 


(14) 


Appendix III 

Cyclic Integrator Equipment 
Diagram 

designed to be used 
with 400-cycle and 80-cyde magnetic ampli- 
fiers. However, by changing simple time 
constant circuits, other frequencies could 
readily be used. 

The power supplies used with the equip¬ 
ment must be well regulated and filtered if 
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Fig. tO. Power amplifier circuit diagram 


PHASE SHIFT DIAL 
(CALIBRATED IN DEGREES) 


SIGNAL 

INPUT 


A-GAIN 





B-CENTER 


Fig. 11 . Phase shifter circuit diagram 

Dunnegan , Harnden—The Cyclic Integrator 


“105 V 

o OUTPUT TO 
OSCILLOSCOPE 

r (HORIZONTAL 

O’C AMPLIFIER) 


September 1954 





maximum performance from the device is to 
be realized. 

Cyclic Integrator 

The diagram for the cyclic integrator 
shown in Fig. 9 is built around the basic cir¬ 
cuit considered in Fig. 1. A phase shift net¬ 
work is added between the magnetic ampli¬ 
fier power supply voltage and the cyclic in¬ 
tegrator tube grid transformer, providing a 
means of shifting the integrator output 
pulses relative to the magnetic amplifier 
firing angle. 

Power Amplifier 

Fig. 10 is of interest because it shows the 
nature of the driving impedance seen by the 


magnetic amplifier and the nature of the 
attenuation networks. The balance control 
varies the d-c level of the power amplifier 
output voltage, providing a convenient bias 
source for the signal winding. 

Phase Shifter 

An examination of Fig. 11 indicates that 
the phase shifter depends on the generation 
of two voltages A and B, at input frequency, 
and displaced in time by 90 electrical de¬ 
grees. In operation, the magnitudes of 
voltages A and B are made equal so that by 
connecting a potentiometer between them, a 
voltage of any intermediate phase is avail¬ 
able. Therefore, a voltage of input fre¬ 
quency but variable in phase is available at 
the output terminals. 
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Precision Measurement of Phasors in 
Electric Networks as a Function 
of Frequency 


A. J. HERMONT 

MEMBER AIEE 


Synopsis: Measurement of phasor rela¬ 
tionships in networks is considered in gen¬ 
eral, and a system is described which 
accomplishes this task. Numerical ex¬ 
amples for purposes of orientation are given. 
Detection is based on the performance of a 
phase-sensitive rectifier of the ring modu¬ 
lator type. A system is described, using a 
pair of such detectors being polarized by 
two auxiliary voltages, of the frequency 
under consideration, the voltages being in 
time quadrature to each other. In this 
manner true null detection is accomplished 
unambiguously. The differential polarized 
rectifier, the polarizing supply circuit, and 
the required auxiliary amplifiers, containing 
means of amplitude-and-phase adjustment, 
are discussed briefly. Operation in the 
frequency range of 1 to 1,000 cycles for input 
signals of the order of 100 microvolts and for 
extremely adverse signal-to-noise ratios is 
accomplished with an over-all accuracy of 
1 per cent. 

T HE problem of precision measure¬ 
ment of phasor relations in circuits 
of the general type, both passive and 
active, 2-pole and 4-pole, depends in the 
last analysis on the accurate determina¬ 
tion of magnitude and phase. Magni¬ 
tude may now be measured with any de¬ 
sired accuracy since calibrated attenua¬ 
tors are available with errors of about 1 
per cent up to 50 megacycles, 1 while diffi¬ 
culties in the audio range are easily over¬ 
come by adequate design. It is the pre¬ 
cision measurement of phase which has 


caused delay in a broad field of activity. 
It is surprising that progress in this direc¬ 
tion has not been made until relatively 
recently. 

The process of measuring electrical 
phasors, quite naturally, may be sub¬ 
divided into two parts: the part which 
deals with the system accomplishing the 
necessary (calibrated) magnitude and 
phase changes, and the part which deals 
with actual detection of the desired 
condition. When both parts are grouped 
into one, previous work in this field may 
be briefly summarized as follows. 

There are at present many principles 
on which phase measurement is based. 
The “sum-and-difference" system 2-8 is 
based on the fact that the vector sum of 
two sinusoidal vectors of equal amplitude 
but differing in phase by an angle <p is 
proportional to cos <p/2 while the differ¬ 
ence is proportional to sin < 0 /2. Thus by 
using amplifiers with good automatic 
volume control and performing summa¬ 
tion and subtraction, meter readings ob¬ 
tain which are trigonometric functions of 
the phase angle. A study of the sum and 
difference of rectified sine waves 6 has also 
been made and applied to the determina¬ 
tion of small phase shifts. 

The cathode-ray tube as a null indica¬ 
tor has been used for quite some time in 
the Lissajous mode. If the output of a 


network is connected to the vertical de¬ 
flection plates and the input via a phase 
shifter to the horizontal plates, and if the 
phase shifter is adjusted to become an 
exact quadrature to, say, the imaginary 
component of the output voltage, then 
observation of the ellipse reveals informa¬ 
tion as to the adjustment of the imaginary 
component only, and balancing becomes 
unique. 7 The collapse of the ellipse to a 
straight line may be used to observe ap¬ 
proach to zero phase shift. 8 More novel 
systems using the cathode-ray oscillo¬ 
graph are the following: A circular trace 
is used in conjunction with intensity 
modulation® such that the locus of maxi¬ 
mum intensity depends on the phase of the 
modulating voltage: as a result a portion 
of the circle is dim, which is indicative of 
phase. Intensity control in the form of 
pulses 10 can also be used, in which case 
both amplitude and phase are displayed 
on the screen. In another scheme, 11 
which works best at radio frequencies, d-c 
components are developed which are func¬ 
tions of cos <p and sin <p, and these, ap¬ 
plied to the vertical and horizontal plates 
of the cathode-ray oscillograph, position 
the spot. If the spot is changed into a 
trace, this radial trace indicates phase 
directly. 

Square-wave technique provides an¬ 
other means to measure phase and ampli¬ 
tude; because of the inherent high-fre¬ 
quency content of the wave, the tran¬ 
sient response is analyzed for the desired 
information. 12 In a steady-state manner, 
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employing pulse technique, the system 
transforms the two sine waves into square 
waves; the latter are differentiated, pro¬ 
ducing pips which trigger a flip-flop circuit. 
In the end, average current flows whi ch is 
proportional to the fraction of the time 
between pips and thus to the phase dif¬ 
ference between the two sinusoidal 
waves. 13 * 14 In a modification of this idea 
biased limiters are used to produce trape¬ 
zoidal waves. 15 

Another principle utilizes a rectifica¬ 
tion scheme, employing two diodes and 
transformer coupling, in which there is 
developed a d-c component which is pro¬ 
portional to cos <p (cosine galvanom¬ 
eter). 11 * 16 « 17 In a modification of this, 
triodes may also be used. 18 The ring 
modulator, acting as another form of the 
cosine galvanometer, may be used as the 
phase-sensitive device. 7 * 1 ® A somewhat 
different aspect of this principle is also 
possible. 20 Measurement is greatly facil¬ 
itated if it is done at a single frequency. 21 
This idea is also the basis of the sys tem 
referred to previously. 2 

A special 9-electrode tube, the ^-detec¬ 
tor, 22 should be mentioned: plate current 
can flow only when the potential is posi¬ 
tive at two of the grids simultaneously 
so that the current is an almost linear 
function of the phase between the two 
grid potentials. 

All these systems have their advan¬ 
tages and disadvantages. The develop¬ 
ment took two main directions: the 
desirability to create systems which could 
produce rapid, direct reading informa¬ 
tion, for a restricted frequency band, 
under sacrifice of precision, 4 * 5 * 9 ~ 11 > 13 * 16 
and the desirability to have available 
laboratory-type instruments with great 
inherent accuracy, such as the one de¬ 
veloped by the Bell Laboratories. 2 The 
sptem suggested by Columbia Univer¬ 
sity 8 is far less complex and yet sufficiently 
accurate for the frequency range 20 cycles 
to 100 kc. 

The measuring system presented in t he 
following is based on the ring modulator 
as the phase-sensitive device. It was 
specifically developed for the precision 
measurement of transfer impedance in 
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the frequency range 1 to 1,000 cycles 
under adverse conditions, i.e., signals in 
the order of 100X10-® volt and extremely 
low signal-to-noise ratios. The accuracy 
of determination had to be within 1 per 
cent or better for the entire frequency 
range and for the entire 2 tt phase space. 
The detecting technique is such that the 
phasor is measured not in two steps in¬ 
volving amplitude and phase but rather 
as an invariant quantity in an auxiliary 
co-ordinate system. 

The system does not lend itself easily 
to direct-reading interpretation, nor is 
the measuring process a rapid one. 
Stress is laid on accuracy, which is en¬ 
tirely determined by the accuracy of a 
few resistive and capacitive components, 
and on reliability. Design principles 
rather than design details are considered 
in the following discussion. 

Basic Measurement Considerations 

Consider the general situation illus¬ 
trated in Fig. 1, where a generator of in¬ 
ternal resistance JR. and electromotive force 
E feeds a 4-pole X which is terminated in 
an impedance z t . The network X may be 
active or passive and may contain under 
certain conditions nonlinear elements. 
At the input terminals the electrical condi¬ 
tions are characterized by the phasors /, 

V, while the conditions at the output ter¬ 
minals are identified by the quantities i, v. 
The following phasor quantities associated 
with this configuration are specifically de¬ 
fined: 

2 a = Vy/=driving point impedance, which 
conforms to the usual designation if 
R is considered as part of the gener¬ 
ator. 

=i>7*' = source impedance, which repre¬ 
sents the equivalent output imped¬ 
ance of X with ~t disconnected. 
x t=v/i =terminal impedance. 

2 1 — if/I —transfer impedance, i.e., the quan¬ 
tity which transfers an input current 
to an output voltage. 


---- 

n- CHANNEL 

Fig. 2. Measurement of transfer impedance 

yv = i/V =transfer admittance, i.e., th 
quantity which transfers an inpu 
voltage to an output current. 

— v/V=* transmission ratio, i.e., the quan 
tity which transfers an input voltagi 
to an output voltage. 

Depending on the nature of the investi¬ 
gation, it may become important tc 
measure with great precision either or all 
of the six quantities just enumerated. 
It will be shown, however, that only three 
of these are independent and therefore 
need to be measured, namely z I>yv , andp K . 

From the definition it follows that 

d ~rir ( 1 ) 

and 

» 9v 

Zt =r^y ( 2 ) 

It is understood of course that if z t is 
completely known becomes a depend¬ 
ent quantity, namely g v = yv3 ^ 

There remains only the source imped¬ 
ance. Let a quantity measured with 
z * = “ be affixed with a subscript oc (open 
circuit) and if measured under condition 
zf=0, let the subscript be sc (short cir¬ 
cuit) . It is known that 

. v 

he — and c 0C — v 
** 

so that 
v oe 

If therefore z T is measured for z t = » ob¬ 
taining 

_• I'ttC 

Z Ioc=~ 

*oc 

and y r for z,=0, i.e. 

v ho 

yv ae -~- 
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it follows from equation 3 that 
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z 1qc he 

yvsc Vsc 

•* Assuming further that care is taken to 
keep V oe = V sc = V= constant during the 
measurement, it follows that 

Ipc Ioc 1 PVoc 

V,c F z doc z he 
Thus 


While this method is reserved for cases in 
which z, represents a circuit with complete 
isolation of the input from the output 
(such as provided by vacuum tubes) it is 
not suitable for passive networks: for 
the condition V oc = V SC —V =constant is 
not relizable because of the fact that, in 
general, the phase displacement of the 
F-phasor does not by itself remain con¬ 
stant, and erroneous results would ob¬ 
tain. For such networks it is best to re¬ 
verse the flow of energy and, removing 
z u to replace it by the generator, then pro¬ 
ceeding as if the driving point impedance 
were measured: it represents the source 
impedance. 

Returning now to the primary quanti¬ 
ties zi, y v , and @ r , the principle of the 
measuring system will be discussed. 
Considering the block diagram, Fig. 2, 
and the measurement of z It the existing 
situation develops as follows. 

An ungrounded variable-frequency gen¬ 
erator G feeds the series combination of 
the network under test X and a suitable 
resistor Ri in parallel with which lies an 
auxiliary circuit A. It is seen that X and 
A are located in different “channels,” 
termed the m- and n-channels respec¬ 
tively. The detector, the nature of 
which is discussed in detail elsewhere, 23 
is the device P, and it will suffice at pres¬ 
ent to state that the indicator is a d-c 
galvanometer and that P is essentially a 
differential device, i.e., one measuring the 
difference between two vectors. M and 
N are essentially amplifiers, B is a phase 
shifter, and A is a gain-loss circuit. The 
4-position ganged switch S is manipu¬ 
lated in the sequence 1-2-3-4. 

The basic philosophy leading to the 
measuring technique will now be pre¬ 
sented qualitatively in order to afford a 
dear understanding of what is being 
measured and why. Reference to Fig. 2 
and examination of the situation for the 
selector switch in the various positions 
leads to the observations in the following 
paragraphs. 

Selector Switch in Position 1 

M and N are both fed by one and the 
same source, namely the output of X. 


Regardless of what the magnitude or 
phase of v is, P surely must indicate true 
null under these circumstances if the 
M-P-N system as a whole is considered, 
for here two identical voltage vectors are 
impressed at the inputs of M and N. If 
the response of P is different from zero 
(and there exists no reason why it gener¬ 
ally should be zero) , circuits M and iVmay 
neverthdess be adjusted to force the re¬ 
sponse of P to become zero. Accordingly 
the magnitudes of the M and N amplifica¬ 
tion and the phase of the N amplification 
are adjusted. This then is the first step 
of the measurement. It amounts essen¬ 
tially to a balance of the N-P circuit 
against that of the M-P circuit when the 
input to both is u. With this auxiliary 
balance guaranteed, the measurement 
proceeds as follows. 

Selector Switch in Position 2 

M still being fed by v, N is being 
fed by the voltage drop produced by the 
input current I flowing through a known 
resistor Ri, i.e., V A , amplified by A and 
phase-shifted by B. Now, as soon as A 
and B are so adjusted that P again indi¬ 
cates null, it must be concluded that, for 
the second time, the inputs of M and N 
are being energized by identical voltages. 
This step therefore essentially balances v 
against /XP/Xunknown complex gain 
of the A—B aggregate. If the complex 
gain could be read off absolutely, the 
measurement could be completed in two 
steps, for zi—v/l could be obtained by 
computation. Unfortunately, however, 
a transformer must be used in the A—B 
aggregate, if it is remembered that the 
full 2 t phase space may generally have 
to come into play, which makes the com¬ 
plex gain a function of frequency and 
rather inaccessible to direct computation. 
It was therefore deemed advisable to re¬ 
sort to two additional steps. 

Selector Switch in Position 3 

M and N are again being fed by one 
and the same source, namely V A . It is 
again demanded that the output of P indi¬ 
cate true null. This (third) balance is 
achieved by readjusting the M and N 
circuits so that this step essentially bal¬ 
ances the N—P circuit against the M—P 
circuit when the voltage to both is V A . 

Selector Switch in Position 4 

M still being fed by V A , N is being fed 
by Fa amplified by A and phase-shifted 
by jB, When A and B are readjusted so 
that P once more indicates null, it must 
be concluded that, for the fourth time, 
the inputs to M and N are energized by 
identical voltages. This step essentially 


changes the unknown complex gain of A 
and B in cascade, as it existed at the end 
of step 2, into a known real gain of unity 
for the same aggregate. 

It will next be shown by means of a 
quantitative study that it is thus possible 
to obtain z r without knowledge of either 
the absolute gain of the A —B aggregate 
or the absolute phase shift produced by 
the latter. This will be done by merely 
utilizing a calibrated gain-or-loss factor 
and a computable phase difference. 

In Figs. 2 and 4 the symbol a k indicates 
that means are provided to achieve 
“known” attenuation; <p k indicates that 
phase shift is obtainable from the par¬ 
ticular block; a, <p without the sub¬ 
scripts refer to the provision of unknown 
attenuation and phase shift. 

Assuming X to be an amplifying de¬ 
vice, and having selected the required fre¬ 
quency and an appropriate input level 
for X and for A, which implies having de¬ 
cided on Ri, switch 5 being in position 1, 
the M and N amplifiers are fed by one 
and the same voltage v, and equation 5 
may be set up 

V*m = 5i (5) 

The quantities v are transfer factors; 
they indude gain, loss, rectification, and 
phase sensitivity, and they transfer an 
input voltage phasor to a d-c galvanom¬ 
eter deflection. The gains of M and N 
are first set to a convenient value. M and 
N are next balanced against each other, 
i.e., the process Si—K) is accomplished by 
adjusting both the amplitude and the 
phase of N . This is indicated in equa¬ 
tion 5 by underlining % as being the 
quantity which is operated on to achieve 
5r-*0. When 5i==0 it may be stated that 
the galvanometer deflection caused by 
the M amplifier just cancels that caused 
by the N amplifier, a situation which 
exists in all null methods. What has 
therefore been achieved is expressed by 
the relation 

— ~ Tam (6) 

Switch S is now thrown in position 2 
and the complete m and n channels" are 
in operation. Since by definition v—Izi, 
the output from the m channel would be 
I.-.zXmi- The input to the A amplifier is 
MRj. The vector gain or loss of A may 
be represented by n A ze j6M , i.e., by a mag¬ 
nitude mz and a phase displacement 
0 A2 . The phase-shift network may, as 
will be shown later, have loss besides 
phase displacement, and transmission 
through it may therefore be expressed by 
\ B zd 9Bi , i.e., by a loss factor and a phase 
displacement. Thus 

(7) 
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The approach of Sr *0 shall be accom¬ 
plished by operating on the magnitude 
of A and the phase of B. At balance, 
and utilizing equation 6, one obtains 

This is not yet the desired form, since 
the magnitude and phase relations of A 
must be known to evaluate x u a require¬ 
ment which greatly adds to the burden 
of measurement, and which, moreover, is 
not necessaiy if another pair of steps is 
introduced. Consider position 3 of switch 
S: If and N amplifiers are fed by one and 
the same voltage V A , which may be con¬ 
siderably smaller than so that the gains 

of M and N may have to be increased ac¬ 
cordingly 


(9) 


Vj&mz+ Kj'C.ya ~ 5 , 

and 5s-*0 is established (after a pre¬ 
liminary choice of the magnitudes of x Ma 
and Tot) by manipulation of the gain- 


and-phase controls of N. For <5 s =o 

x m ( 10 ) 

In position 4 of switch S, M is still 
energized by V A , while N is energized by 
the output of B. Thus 

Va^MZ += Si 

The balancing process shall now be ac¬ 
complished in exactly the same manner as 
in connection with equation 7. There is 
no reason to assume that the phase of A 
varies with magnitude, and in fact this 
canbe avoided by proper design; hence 

0 At- As for the loss associated with 

B, a variation of it with phase is un¬ 
avoidable (for certain instances) in the 
present design; however the loss of B is a 
known function of the phase of B. The 
magnitude n A4 of A can be interpreted as 
the magnitude n A2 times a calibrated gain 
w loss factor U, thus U- 

Hence, for 5 4 =0 


X*4 

one finally"obtains 

fait 



1 ( 12) 

Combination of this with equation 8 re¬ 
sults in 

z I =R l —f~\ e i(SB 2 -Obi) 

fit \Xb4/ 

Letting 


(13) 


(14) 


(15) 


\ aa< * quantity z : is uniquely deter- 
\ 

X 


FIs- 3. Vector die- 
gram of measuring 
process 


m ~ CHANNEL 

01 = I "I , , , 

02-vJ 

03 = Ir, mi 


09 = IR, n v A 

010 * V A ^M3 L* B »l 
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mined by the known resistor JRi and by 
known networks A and B. This is an 
important relation which shall be illus¬ 
trated qualitatively by means of the 
vector diagram of Fig. 3. To simplify the 
work it is sufficient to study the situation 
up to the outputs of M and N, i.e., up to 
the voltages t PM and v PN (see Fig. 2) and 
to neglect the effect of P altogether. 
Thus instead of equations 6 and 10 one 
should think of y m =y in an( j 

i.e., of that condition for which the vector 
gains of M and N have been brought to 
equality. Letting y m =u m ^ and 
ym=fime ,em , where (for the sake of 
generality as well as for practical reasons) 
it has been deliberately assumed that 
the vector diagram, can be re¬ 
constructed by the aid of the identities 
indicated in Fig. 3. It should be noticed 
especially that must be guaran¬ 

teed by design of A (a task which may be 
easily achieved in practice). This phase 
angle has been assumed lagging or nega¬ 
tive, the clockwise angles being leading 
or positive. In the first pair of operations 
it is obviously the goal to make vector 08 
coincide with vector 03: this is done by 
adjusting the A magnitude from an arbi¬ 
trary Haz to ju A 2 and by shifting the known 
phase from an arbitrary to a total 
shift 0tf2=0 £2 '+0a2* In the second pair 
of operations the result is achieved if 
vector 015 is made to coincide with 010. 
Here again the magnitude is adjusted 
from the arbitrary Ma4 ' to n M . The phase 
at the start of the second pair of opera¬ 
tions is usually not arbitrary; rather it is 
the total B phase at the end of the first 
pair of operations, thus 0 Bi f =g si . It can 
be checked from the diagram that this 
makes the output of the B network 012 
precisely in phase with the output volt¬ 
age of network under test, v(02) 

“0A2-i-0ff/ = ']> 


The vector diagram will be used to 
prove the truth of equation 15 in this 
manner. Forming m=^ 2 - 0 B4 = 0 £2 - 

\ 32 03i ' ~ one finds by inspec¬ 
tion mat <P+9 M3 =8 3i " + e m! whereupon 
indeed <p B ie=ip correctly. Furthermore, 

n-CHANNEL 
04 » !R, fi’ A2 /-g A2 
°5 = IR, ^' a2 X b2 /-fl A2 + ff^ 

06 = '*1 M as X 82 M mi Mas + 0p ? + g y f 
07«|R,^a2 X B2 ^ M| /-0 A2 + 0b ? + 9 U , 

08 = IR|/l a 2 Xa?tfm MaZ + 0B2♦ 0mi ■*• $B9 

0II ' V AAA4 l~ S A2 
0,2aV A/ t A4 X B4 [M A2 +0fl4 
0l3sV A/ i A4 X B4 /t M3 I ~ 9 A2 + 0*4 +9 u * 

0I4 = V a ^ A4 X B4 /tM3 LzJj A2 + ^B4 

0I5 = V a ^. A4 X b4 ^ M3 /-9az+ 8 B 4+0 u * - 


Q " 
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equation 12 demands that (fl^+^sO = 0, 
i.e., in this case, since 0 A2 is negative, 
- 8 A t+ 0 B 4 = 0. But 0 B 4 =e Bi '- 0 Bi ' , = 
S B2 -{-d £2 l, —\p, as was found in the fore¬ 
going; also, inspection of the diagram re- 
veals that 0 B2 +0 B2 1 ' 0 A t ). Hence, 

indeed, — 0 A2 -jr 'P+0 A2 —tp=Q. Equa¬ 
tion 12 also requires that ha& B 4 = 1 . 
This relation is seen to be correct if one 
equates the magnitudes of vectors 010 
and 015: V A nuz—V From 
equation 15 finally follows that 

s/—J?,—- — 

$Ak XjJ 4 

Equating the magnitudes of vectors 03 
and 08 gives Iz [ fx m =IR I n A2 \ B2 pt m ; 
Thus Zi=Rjfj, A 2 K m . From the relation 
Ha* X B 4=T it follows by definition that 
HA'&Ak=v-M~ 1/Xb 4, whereupon the re¬ 
quired proposition is proved. 

The measurement of the remaining two 
independent transmission quantities fol¬ 
lows essentially the same pattern, and 
the pertinent relations will be merely 
stated without repetitious explanations. 
Referring to the measurement of the 
transfer admittance y Y and to Fig. 4, it is 
seen necessary to insert a known resist¬ 
ance u in series with z t taking care that 
so that the phase of the output 
current i is not altered appreciably: M 
is thus fed by ir t . One has 

Position l of 5 

=$ 1 —»0 (16) 

therefore 

* 1111 *=— (17) 
Position 2 of 5 

Vyrrifm + V^Aie’° A2 'K B 2e ieBi Xifi =>0 (18) 


Fig. 4. Measure¬ 
ment of transfer ad¬ 
mittance 




therefore 

yv——/x A i^B2e }eA2 e i6B2 ( 1 $>) 

r t ' ' 

Position 3 of S 

y^m—S3-*0 (20) 

therefore 

^*-—^3 (21) 

Position 4 of S 

Vx m +Vft Ai e ieA *\ Bi ^*'v Na = 5 4 -*-0 (22) 

Since 

V-Ai — HA&Ak \ 

fti*MU, / <*» 

1 (24) 

Therefore 

yvta ±£& gtvB* (25) 

U iAk 

The final quantity, the transmission 
ratio q v , is measured exactly as y v (see 
Fig. 4), except that M is fed by v instead 
of iVj. It should suffice merely to state 
the result 


0v=~ e i,pBk (26) 

As a matter of orientation it is well 
worth while to consider the orders of 
magnitude of the various quantities likely 
to occur. The phase aspect will be de¬ 
leted for the moment and will be 

assumed. The voltage vp^ required at 
the input to the detector P will be as¬ 
sumed to be 0.1 volt which is supposed to 
guarantee measurement with prescribed 
accuracy. The gain of the N circuit will 
be assumed to equal that of the M circuit. 
Table I gives the assumed and the com¬ 
puted quantities for both active and pas¬ 
sive X circuits and is believed to be self- 
explanatory since the identities are indi¬ 
cated for reference. It is seen that in these 
instances the gain of M would vary be¬ 
tween 10 and 5,000 and that the A cir¬ 
cuit would be required to vary between a 
gain of 500 and a loss of 0.2. 

For the same three examples for X, and 
for certain assumed terminating imped¬ 
ances zt, Table II gives the pertinent data 
for the determination of y v . As is seen, 
in the passive case (the third) it is not 


Table I. Data for Determination of z { (Fig. 2) 


Computed 


V 


VPM 

Zd 

Rt 

V 

y.vt 

volt.. . , 


,.. .volt... 

....ohm.... 

....ohm 

volt... 
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VPM 






•*x 

V 

10-3... 

...10» .. 

...10-4... 

...6X103... 

10* 

10-*... 

..10 .. 

10» ... 

... 10* .. 

. . .10-4. . 

10*. ., 

,.. 10* 

10-« 

10 

10-4... 

...10-«.. 

...10-4.. 

104... 

...5X10* 

10-*... 

i'.io*.'. 


I 

.amperes. 

V 

zd 


10 T.5X10-«.2X10->.2X10*.1. 


Table II. Data for Determination of Y v (Fig. 4) 








































































Table III. Data for Determination of P v (Fig.2 and 4) 
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VPM 
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VPM 

V 

V PM 


1 

1 
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V 

V 
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At". 

tAk 

... 10* . . 
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. .10"*.. . 

. ..10 ... 

.. 10* ... 

.10*.... 


_10-*. 

.10* 

10"*... 

... 10* . . 

...10"‘.. 

. .10"*.. . 

. ..10 ... 

.. 10* . . . 

.10*.... 


_10-*. 

.10* 

10"«... 

.. .10"*. . 

...10"*.. 

. .10"*. . , 

. . .10*.. . 

. .10-*... 

.10*.... 


....10 . 

.10- 


practical to reduce rt to 1 ohm or less sin ce 
then umi would have to be >10 4 which 
might be hard to realize for a broad fre¬ 
quency band. It is better to be satisfied 
with a fair approximation in this border¬ 
line case. 

For the sake of completeness, Table III 
is prepared a s an aid to the determination 
of p v , which in this case is identical to nx* 
As a cross check one observes tha t in 
every instance equations 1 and 2 are 
satisfied, giving identities for z a and z t re¬ 
spectively. 

As was pointed out in connection with 
Figs. 2 and 4 it will be noted that each 
measurement involves adjustment of 
phase and amplitude in the n chann el. 
This implies a significant property of the 
ideal detector, namely, to be sensitive to 
amplitude, phase, and direction of un¬ 
balance, 7 so that it may be termed a 
polarized directional detector. Also, it 
must be of the differential type in order 
to perform the operation of indicating a 
null when two equal signals are fed into it. 

The “approach to zero,” as it occurs in 
ordinary rectifiers, will be ruled out when 
balancing to within ±10~®-volt input is 
the goal. Rather the “transit through 
zero,” as it occurs in d-c Wheatstone 
bridges, must take place. 

The necessity to demand all the sharp¬ 
ness of null detection possible to achieve 
will not seem unwarranted if detection 
is to be maintained for unfavorable signal- 
to-noise ratios. For that reason it will 
be imperative to incorporate in the re¬ 
sponse a large amount of “affinity” to 
the measuring frequency and, preferably, 
to no other, i.e., to demand a high degree 
of selectivity for any single frequency. 
The performance of the polarized recti¬ 
fier is fully described elsewhere 23 and will 
be assumed known for the purposes of 
this discussion. 


and M circuits being combined in the de¬ 
tector P. This matter will now be pur¬ 
sued more carefully by studying Fig. 5. 
Consider a vector A at a certain time in¬ 
stant and let it rotate with the angular 
frequency co such that the end point re¬ 
mains on the circle about 0 and of radius 
A. Assume another vector B which may 
be varied in amplitude and phase until 
B+A = 0. Let x be an axis through the 
origin, the direction being arbitrary, and 
let A and * enclose an angle <p. Suppose 
that it is possible to observe the quantity 
A cos cp—Ax. (This, but for a factor of 
proportionality, is precisely the quantity 
which the polarized rectifier 28 does indi¬ 
cate.) The locus of the end point of B 
must be on the circle just described; 
another locus is a line orthogonal to the x 
axis at a distance —Ax from 0. One way 
to observe B would be to observe B and 
Bx, but it is not a unique way since B 
might be at I or, equally well, at II. The 
orthogonal locus is not sufficient to define 
the vector B, since there exist infinitely 
many vectors satisfying the specified re- 


LOCUS OF ENDPOINTS 
OF B-VECTORS WITH 
MAGNITUDE |B| 


y-AXIS 


quirement, for example, vector B'. 
Another condition must be imposed. 

Suppose another arbitrary direction is 
possible simultaneously. The second pre¬ 
ferred direction will be assumed orthog¬ 
onal to the x direction, although no re¬ 
quirement of orthogonality is stipulated. 
Thus the y axis is established, and it will 
be assumed that the component A v —A 
cos (90— <p)=A sin <p is also observable. 
It is now dear that the end point of B 
must also lie on a line orthogonal to the 
y axis at a distance —A v from 0 and B" 
represents one of the infinitely many vec¬ 
tors satisfying this condition. When 
both observations are used simul¬ 
taneously, the adjustment of B is accom¬ 
plished uniqudy, rapidly, and unambig¬ 
uously with the final criterion B = — A. 

It is obvious that if A approaches orthog¬ 
onality to one of the axes, the component 
along that axis approaches zero. Thus 
the cancelling effect of the vector A upon 
B (in the output) is lost and the galvan¬ 
ometer deflection in the direction for which, 
say, the A-component vanishes may be¬ 
come very large. To prevent this, pro¬ 
vision should be made to rotate the co¬ 
ordinate system x,y by 45 degrees into 
another system x',y r . Since, of course, 
the process of balancing one vector against 
another is a process invariant with the 
system of co-ordinates, the final results are 
identical in either case. 

The question may be raised why this 
differential type of detection is being advo¬ 
cated. The answer is that a comparison 
type of method, in which A is first ob- 


x'-AXIS 
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The Polarized Rectifier and 
Associated Apparatus as a Null 
Detector 

Figs. 2 and 4 have already revealed the 
differential character of the measure¬ 
ment, for they showed outputs from the N 


5 from the N Fig. 5. Vector diagram for polarized rectifier as a null detector 
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Fig. 6. Differential polarized rectifier 
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served and then B is established such that 
B=A, is considered to represent an in¬ 
herent source of error, since memory must 
be depended upon to keep four data: 
direction and magnitude of Ax and A v . 
Besides, no significant simplification in 
design, would result. 

If in the general situation illustrated 
in Fig. 5 the vectors A and B are thought 
of as transfer factors x M i and (see, 
for example, equation 5) and the co-or¬ 
dinates x and y are visualized as the 
directions of the polarizing voltage vec¬ 
tors, if further it is understood that the 
observation of Bx+Ax is made by a gal¬ 
vanometer deflection Sx and that of 
B v -\-A v is made by a deflection S y of a 
second galvanometer, then the specific 
situation of the present polarized rectifier 
detector system is at hand and the condi¬ 
tion of vector identity manifests itself by 
a double null Sx—S v = 0. 

Since the null indicator (a d-c galva¬ 
nometer of the d’Arsonval type) forms an 
integral part of the polarized rectifier, 
representing the device capable of inte¬ 
gration, over a number of cycles, and since 
this is the device which must suppress all 
a-c components, its a-c behavior must be 
considered. The galvanometer used was 
the Leeds and Northrup type 2430D with 
the constants: undamped natural 
period=3.6 seconds; critical damping re¬ 
sistance =25,000 ohms; d-c sensitivity 
4X10 -10 amperes (amp) per millimeter 
(mm); d-c coil resistance = 485 ohms. 

Experimental work results in the recom¬ 
mendation to damp the galvanometer 
critically for all frequencies >3 cycles, and 
to use aperiodic damping (5,000-ohm) for 
frequencies between 1 and 3 cycles. 


Attention is called to the order of 
magnitude of null detection. If the volt¬ 
age phasor passing through the m channel 
(see Fig. 2) causes the galvanometer to 
deflect, say, 50 mm, then the adjustment 
of the phasor through the n channel 
should be within ±1/2 mm, if a precision 
of 1 per cent is to be maintained. For 
such precisions and using the varistor ele¬ 
ment mentioned in reference 23, the semi¬ 
conductor rings have to be weU-thenno- 
stated (at 50 degrees centigrade) to avoid 
slow galvanometer drifts caused by tem¬ 
perature variations. If selenium or ger¬ 
manium is used, tbermostating may not 
be required. 

The schematic diagram of one of the 
differential polarized rectifiers, say P x , 
is shown in Fig. 6. A second polarized 
rectifier, P v , being fed by the y polariza¬ 
tion and being otherwise a duplicate of the 
one shown in Fig. 6, should be imagined to 
co-exist. 

For a differential type of rectifier four 
independent adjustments would be re¬ 
quired, comprising the “polarization 
null.” (This is an outcome of the polar¬ 
ized rectifier study. 23 ) Fortunately it 
was found experimentally that both the 
d-c and the a-c balance may be carried 
out simultaneously for the two sections, 
if only the control potentiometers are 
operated properly. Referring to Fig. 6 
and realizing that the a-c signals from 
the n and m channels are fed in-phase to 
the rectifier, the required polarity shift 
is brought about by the manner in which 
the rings are interconnected. Thus as¬ 
suming di to be plus with respect to ax 
(because of polarizing voltage) and <L% 
plus with respect to a*, alternate pairs of 


elements in the m and n rings are being 
made conductive simultaneously with the 
effect that the d-c currents in the gal¬ 
vanometer branch oppose each other (this 
is the reason why vectors A and B in Fig. 5 
have been drawn in opposite quadrants). 
Now, the d-c “fine” balance is so ar¬ 
ranged that when resistance d x D x de¬ 
creases, resistance d»D^ increases. A simi¬ 
lar statement applies to the a-c balance. 

A 4-position switch for the galvanom¬ 
eter is used: In position 1, no energy is 
fed to the galvanometer; it is merely 
shunted by its critical damping resist¬ 
ance. In this position the mechanical 
zero is adjusted or checked. In position 
2, the sensitivity is approximately one- 
tenth full sensitivity. Position 3 is used 
for frequencies/^3 cycles and position 4 
for 1 ^/< 3 cycles (with aperiodic damping 
and approximately the same d-c sensi¬ 
tivity). 

Another complication results from the 
observed phenomenon that the d-c gal¬ 
vanometer deflection is as sensitive to 
changes of polarizing voltage as it is to 
those of signal voltage: after a polarizing 
balance, bothersome galvanometer drifts 
occur, caused by the changes just men¬ 
tioned. The situation demands auto¬ 
matic regulation of polarizing supply: it 
must be of high quality but does not need 
to cover a large range nor does its speed 
of response need to be fast. It must, 
however, extend down to 1 cycle. The 
polarizing supply is shown in block form 
in Fig. 7. 

The push-pull stages employ 6BA6 re¬ 
mote cut-off pentodes. The input signal 
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to the push-pull section feeds the first 
controlling section consisting of an ampli¬ 
fier and a rectifier, negative control volt¬ 
age being developed at the grids of the 
push-pull tubes to keep their output con¬ 
stant. The control is seen to be of the 
forward-acting type. The same process 
is repeated in a second controlled push- 
pull section and a controlling forward¬ 
acting section. This results in extremely 
well-regulated output voltages: no 
measureable change in output voltage re¬ 
sults from input voltage changes of ±25 
per cent. 

The 45-degree shifting of the voltage 
applied to the supply circuit as well as the 
phase splitting of the output into two 
quadrature components is based on a 
simple proposition. If a voltage E is ap¬ 
plied to C and R in series and if V C =V R 
is assured, then V R —voltage across re¬ 
sistor = E/\/ 2 /7r/4 . The condition for 
this equality is fulfilled when aCR= 1. 

Depending upon the frequency and the 
choice of C, the correct R is adjusted in 
terms of calibrated dial readings of an 
appropriate helipot. In order to make 
the amplitude at 45 degrees the same as 
that at 0 degrees it is necessary to take 
care that the potential dividing circuit is 
such that Rt/^+RJ = 1/V 2 . For the 
phase splitter, the same components of C 
and R as for the phase shifter are used, 
the relation V R =V c /~hr/2 is here also 
guaranteed for wCf?= 1 and adjustment is 
accomplished simultaneously by ganged 
helipots and selector switches. 


The m and n Channels 

In connection with Figs. 2 and 4, the 
first question to settle is the maximum 
gain to be incorporated in the M amplifier. 
That will greatly depend on the output 
voltage ■■ and current i of the circuit under 
test X, but it is possible at this stage to 
determine the voltage v PM which must 
exist at the input to the detector in order 
to guarantee measurement within the 
prescribed accuracy, 1 per cent. Tables 
I, II, and III imply the need for a gain of 
10,000. It is now possible to examine 
this requirement more closely. 

It was found experimentally that the 
polarizing voltage across an element of the 
ring should not exceed 0.1-v peak. If 
larger polarizing potentials are used, 
semiconductor noise becomes objectiona¬ 
ble, with the result that the galvanom¬ 
eter deflection is not steady enough to 
make observations within the required 
precision. 

With this in mind, it will next be as¬ 
sumed that detection of ±1/2 mm is pos¬ 
sible (a conservative assumption). Then, 
to detect variations with an error of 1 
per cent, the minimum deflection should 
be 50 mm. With the help of the analysis 
available for the polarized rectifier, 23 it 
is then possible to deduce the requirement 
for v PM ; namely, for a galvanometer sensi¬ 
tivity of 4X10~ 10 ampere/mm. v PM need 
not be larger than 0.0364-v peak. Since 
it may be assumed that v in Figs. 2 and 4 
is >10X10~ 6 -volt, the gain of the M 
amplifier need not exceed about 3,500, or 


68.5 decibels (db), which is a reasonable 
value. 

Depending upon the particular operat¬ 
ing frequency, suitable band-pass filters 
are incorporated in the M amplifier (an 
identical filter being switched into the N 
amplifier). The M amplifier also con¬ 
tains an uncalibrated volume control. 
It is understood that maximum stability 
should be built in into the channel gain, 
since perfect equilibrium must prevail 
during the actual measurement. When¬ 
ever the gain of M is low, heavy negative 
feedback is used to stabilize the amplifier. 
Since high gain and high stability are 
conflicting concepts, stability efforts are 
relaxed as the gain increases. 

The N amplifier is designed according 
to the same principles as the M amplifier 
except for provision of limited phase- 
shift adjustment. It was found that 
availability of about 10 degrees retard 
and advance shifting was sufficient to 
produce channel balance for all frequen¬ 
cies. The simple circuit shown in Fig. 
8(A) is used. C 2 is a 10-tum variable air 
capacitor, while Ri, Ci, and R 2 are selected 
by means of switches. Because of the 
required shift at frequencies as low as 1 
cycle, Ri and R 2 are high-megohm resist¬ 
ors, the maximum for Ri being 2X10® 
ohms. For that reason the shifter must 
be followed by an electrometer tube stage. 
The transmission ratio for this shifter is 

Ri (i+>q&) (27) 

R* (1+7’wCi2?i) 













and the phase shift is ohm helipot. making i?_=0 and R.~ <», respectively, 

(Ri/RiXoXCiRi-CjRi) ^ fuU P 1 ^® shifter (Le., of the 360- a continuous approach <p-+0 and <p-+- 180 

^ an R t degree type) for the 23-circuit should ideally degrees is not possible for the lat ter ca s e 

(l+w^WH—(l+w 2 CiCy?iie*) produce phase displacement independent and is possible only with f or 

(28) fre( l u ® nc y' Although such a shifter has the former one. Therefore, one generally 
been deviced 2 * and is also effective in the has to be satisfied with attaining £>min>0 

It is seen from equation 28 that both re- more elaborate phase-measuring sys- and $<w<180 degrees. Referring to 

tarding and advancing shifts are possible, terns, 2 ' 8 it was deemed advisable to forego Fig. 8(C), let MO=E and let the phase 

depending on the relative magnitudes of this advantage and to compute the phase shifter introduce a lagging angle <p x bring- 

the time constants CiRi and C 2 R 2 . The displacement for greater accuracy. The ing the output V in position MX. By 

circuit is so arranged that (R 1 /R 2 ) = 10= present design centers about the well- reversing the polarity of E, MO goes over 

constant, and it is therefore obvious that known capacitor-resistor phase-shift lat- into MQ and MX into MX' so that the 

lagging phase shift (Ci = 0) is always ac- tice shown in Fig. 8(B): the pertinent phase becomes -(*>*+*•). Assuming 

companied by a loss of more than 20 db. equations are derived without difficulty that 95™* brings the vector into position 

For this reason a postamplifier has to be and are indicated in the figure. Xronx, all points within sectors OMX aax 

incorporated in the N amplifier to boost The magnitude of the output voltage and QMX^ are made available by v the 
the gain to the maximum decided for the is completely unattenuated, and the phase lattice. Assuming 160 degrees, 

M amplifier, 68.5 db. Amplitude of N shift is always lagging. While <p=0 and /=1 cycle, and C_=10X Hi farad, there 

is adjusted by means of a 15-tum 200,000- <p— —180 degrees are always possible by suits i?_=90,400 nTim? which is still 
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CATHODE FOLLOWER, 
AMPLIFIER, 
CATHOOE FOLLOWER 


CATHODE 

FOLLOWER 



TO SELECTOR 
SWITCH S AND 
TO N“ CIRCUIT 


Fig. 9. A and B 
circuit arrangement 


available from a 100,000-ohm decade 
box. On the other hand, if <p mln = —5 de¬ 
grees is assumed, then for /= 1,000 cycles 
and C_=0.U0-« farad, i2_= 69.12 ohms 
are required, available from a decade box 
to within 0.17 per cent. Therefore, almost 
any desired phase shift to any desired 
accuracy is possible with this circuit by 
properly choosing the condensers to cor¬ 
respond to a certain frequency range. 
The schematic of this phase shifter is il¬ 
lustrated in Fig. 8(B). Accurately 
bridged capacitor CL in conjunction 
with two ganged decade resistors iL. and a 
reversing switch constitute the lag phase 
shifter. 

Again referring to Fig. 8(C), to fill the 
complete 2x space, it is necessary to 
change networks and to provide for re¬ 
gion OMY m „. If V within that region 
has a position MY so that the network 
produces a leading phase shift <p v> then, 
by polarity reversal, MY ' is also availa¬ 
ble. Thus regions OMY^^OMX^' 
and QMYmax’—QMX^ are added and 
the full 2 ir phase shifter is realized. The 
network used for leading phase is shown 
in Fig. 8(B). Unfortunately, phase dis¬ 
placement is accompanied by magnitude 
change. For <p mtx =2Q degrees and for 
/=1 cycle and C+ = 10X10“® farad, R+ 
=43,800 ohms—easily available from a 
decade resistor. For /= 1,000 cycles and 
C+ =0.1 X10" 6 farad, R+ =4,380 ohms— 
equally convenient. For low leading 
phase shift the lowest frequency /= 1 
cycle is the governing factor. At that 
frequency, the 1-megohm rheostat has to 
be inserted, making possible the estab¬ 
lishment of a phase shift of <^0.92-degree 
lead. (The value of the resistance is 
bridged.) 


The schematic for the complete ar¬ 
rangement of the A and B circuit is illus¬ 
trated in Fig. 9. As is seen from Figs. 2 
and 4 and from a glance at Tables I to III, 
the A circuit also must incorporate a gain 
of about 60 db. However, again referring 
to the tables, the A and N circuits are 
never called upon to provide high gain 
simultaneously, but the losses of the A 
and B assembly must be covered by the A 
circuit. The arrangement "cathode fol¬ 
lower-amplifier-cathode follower” trans¬ 
fers the input voltage to a series com¬ 
bination of a fixed resistor r=100,000 
ohm and a 100,000 ohm decade resist¬ 
ance box, r A . The input cathode follower 
is required to assure that the A circuit 
does not interfere with the input condi¬ 
tions (for very high resistors R It Fig. 2, 
it becomes necessary to go over to an 
electrometer input stage for A). The 
output cathode follower presents a low 
source impedance to the voltage divider: 
if this precaution is omitted, stray ca¬ 
pacitances begin to introduce errors at 
relatively low frequencies. The divided 
voltage is fed to another cathode follower 
which is needed as an impedance-match¬ 
ing device to transfer energy to the isola¬ 
tion transformer with the low second¬ 
ary impedance (50-ohm): the latter is 
important to guarantee accurately com¬ 
putable phase shifts from the B settings. 
Notice the large (20 X10 “ 9 farad) blocking 
condensers for transmission down to 
1 cycle. To compensate for all voltage 
losses, a stabilized additional gain is built 
into the A amplifier. 

Nonambiguous balancing of the M and 
N circuits is usually possible in two pairs 
of adjustment: the first choice of the com¬ 
ponent to be adjusted, i.e., whether am¬ 


plitude or phase, is not critical. The 
Sax. factor is computed from the readings 
of the r^-decade resistance box. Since 
As* and <p Bh in equation 15 contain w, the 
frequency has to be known accurately: 
this is best done by means of an interval 
time counter. 

Attention is briefly called to the man¬ 
ner in which experimental errors were 
determined in that stage of the develop¬ 
ment in which performance checks were 
made for vector quantities which were 
known from computation of simple net¬ 
works consisting of accurately measured 
components. Referring to Fig. 10, let 
OA =true phasor u having a magnitude u. 
Let the experimentally measured phasor 
be OB=u m ,e~i^ > , the two phasors dif¬ 
fering by a phasor whose magnitude is 
Au. Then, considering the differential 
triangle ABC, one has 

Aw 2 = (um— tt) 2 +« 2 ( A<p ) 2 

Thus the error «= A ufu becomes 

‘~[(?~ i ) ,+(4 * o T m 

an expression which contains both the 
error in magnitude and that in phase. 
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Conclusion 

' Space does not permit giving the rather 
lengthy measurement results, and the fol¬ 
lowing statements must therefore be 
taken at their face value. Considerable 
experimental work with the system out¬ 
lined indicates that absolute measure¬ 
ment of network transfer and transmission 
vectors within a frequency range of 1 to 
1,000 cycles is possible with great ac¬ 
curacy under unfavorable signal-to-noise 
ratios. For the latter approaching unity, 
accuracies of ±1 per cent are possible. 
For more favorable signal-to-noise ratios 
accuracies of ±1/10 per cent have been 
obtained. It is felt that, appropriately 
changing the components, the system can 
be extended to much higher frequencies. 
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Synopsis: The dynamics of a closed-loop 
method of phase control of a local oscillator 
are discussed in this paper. An equivalent 
circuit is derived, on which further analysis 
of the system is based. While a linearized 
system and a system which uses time domain 
filtering have appeared in the literature, this 
paper presents a new, simple, and direct 
approach to the optimization of the system. 
A more general analysis is given and the 
general requirements for the nonlinear ele¬ 
ment and the subtraction device are pointed 
out. A method of design for the equalization 
filter is given. The theory is verified with 
experimental results. 

Closed-Loop Control of the Phase 
of an Oscillator 

I N DEVICES such as the sweep circuits 
of a television receiver and in pulse 
code modulation receivers, it is necessary 
in order to have successful operation, that 
not only the frequency but also the phase 
of a local oscillator be controlled by the 
incoming signal. Of several possible 
methods, perhaps the most flexible and 


the one with the best performance is that 
which uses a closed-loop system of control 
of the oscillator. In this method, the 
phase of the incoming signal is compared 
to the phase of the local oscillator by 
means of a phase detector. The output 
from the phase detector is used to control 
the frequency of the local oscillator in 
such a manner that the difference be¬ 
tween the phase of the incoming signal 
and the phase of the locally generated 
wave is maintained constant in time; i.e., 
the frequency of the local oscillator is 
synchronized with the frequency of the 
incoming signal. The dynamics of the 
closed-loop system of phase control of the 
local oscillator are discussed in this paper. 

Fundamental Theory 

A block diagram of a typical closed-loop 
system for phase control of an oscillator 
is shown in Fig. 1. The incoming signal 
is f(t). The local oscillator generates the 


voltages g(t) and g(t—T). The param¬ 
eter r is a constant time delay between 
the two output voltages g(t) and g(t— t ) 
of the oscillator and therefore corre¬ 
sponds at a given frequency to a phase 
shift between g(t) and g(t—r). 

The two multiplier channels, when their 
respective outputs f(t)g(t) and f{t)g{t— t) 
are subtracted, provide the instrumenta¬ 
tion of the phase detector. This may be 
seen as follows: A multiplier may be re¬ 
garded as a balanced modulator. If two 
sinusoidal voltages of different frequencies 
are fed into a balanced modulator, the 
output consists of the sum of two sinu¬ 
soidal voltages, the frequency of one 
being the sum and the other being the dif¬ 
ference of the two input frequencies. If 
«x and w 2 are the two input angular fre- 
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Fig. 1. Block diagram of a closed-loop 
system for the control of the phase of an 
oscillator 


quencies, the instantaneous value of the 
voltage of difference frequency in the out¬ 
put is proportional to sin [(o>i— a^t+6] 
where 6 is a constant. Since [(coi—co 2 ) 
f+0] is the instantaneous phase difference 
between the two input voltages, the in¬ 
stantaneous amplitude of the voltage of 
difference frequency at the output of the 
modulator is seen to be a sinusoidal func¬ 
tion of the instantaneous difference in the 
phase between the two input voltages. A 
single multiplier is thus a phase detector. 
(The foregoing argument suggests that 
any device into which two frequencies 
are fed and which is capable of producing 
a voltage of difference frequency in its 
output could be used to replace the multi¬ 
plier. Thus the multiplier might be re¬ 
placed by a peak detector, a square-law 
detector, an average detector, etc.) 

When the outputs of the two multiplier 
channels shown in Fig. 1 are subtracted, 
the algebraic sign of the amplitude of the 
low-frequency component of voltage ob¬ 
tained at the subtraction point depends 
upon whether the phase of/(/) is advanc¬ 
ing or retarding relative to that of g(t). 
This is a fundamental requirement for 
the comparison device. This property 
may be seen most easily in Fig. 2, in 
which the input waive/(/) is saw-toothed 
and in which the two locally generated 
waves g(t) and g(t—r) are square pulse 
trains. For the phase relations shown 
in Fig. 2, the average of the output e t (t) 
of the first multiplier exceeds the average 
of the output et(t) of the other multiplier. 
Thus the average of the voltage output at 
the subtraction point (see Fig. l) is posi¬ 
tive. Had g(t - T ) rather than g(t) been 
more nearly in phase with/(f), the aver¬ 
age of the output at the subtraction point 


would have been negative. This depend¬ 
ence of sign of the average of the out¬ 
put at the subtraction point upon the 
direction of shift of phase of g(t) relative 
to f(t) provides the necessary discrimina¬ 
tor action needed for control of the phase 
of the local oscillator so that the oscilla¬ 
tor may be made to change in such a 
way that the average of the output at 
the subtraction point is reduced to zero, 
(The foregoing example illustrates one 
property of the types of waves that may 
be employed in this device. If the local 
oscillator voltage is shifted in faW by 
an amount t' from the phasing that 
would yield null output at the subtrac¬ 
tion point, the waves used must be 
such that the voltage f(t)g(t—t')—f(t)g 
(t—t'—r) is an odd function of t\ Thus 
if t' is positive the average output is posi¬ 
tive, and if t' is negative the average out¬ 
put is negative.) 

The voltage at the subtraction point in 
Fig. 1 consists of the superposition of two 
components. One is a function of the 
instantaneous difference of phase between 
f(t) and g(t) and is therefore the com¬ 
ponent desired for control of the fre¬ 
quency of the oscillator. The other is at 
a high frequency since it is a function of 
the instantaneous sum of the phases of 
/(/) and g(t). One function of the low- 
pass filter provided is that only the de¬ 
sired, or low-frequency, component of 
voltage at the subtraction point may influ¬ 
ence the tuning of the oscillator. 

The filter has the added function of 
controlling the relative immunity of the 
system to disturbance from random noise 
that may be superimposed upon f(t). 
This may be seen as follows: Suppose the 
filter is a simple resistance-capacitance 
(R-C) integrating circuit with a relatively 
long time constant. The output at any 
instant of time t of an R-C integrating 
circuit consists of a weighted average of 
the input from time t to approximately 
one time constant earlier. If the time 
constant of the filter is sufficiently long, 
voltage at the subtraction point arising 
from random noise superimposed upon 




Fig. 2. Outputs of the multiplier channels 
with nonsinusoidal inputs 


/(/) will largely average to zero at the 
output of the filter; whereas the voltage 
component that is a function of the dif¬ 
ference in the phase of f{t) and g(t) will 
have a finite value. Hence the longer the 
time constant of the filter, the greater will 
be the immunity of the system to disturb¬ 
ance from any random noise that may 
be superimposed upon/(/).* 

If W(t) is the response of the filter to a 
unit impulse input, the output voltage 
e 0 (t) of the filter may be expressed in 
terms of its input f(t)g(t)-f(i)g(l- r) as 
follows 

e 0 (t) = f [f(x)g(x) ~f(x)g(x -r) j W{x)dx 

eo(t) = f f(x)i(x)W(x)dx- 
%) — 00 

/ f(x)g(x—r) W(x)dx 
- 00 

Each of the integrals in the second expres¬ 
sion of this equation has the character of a 
short-time cross correlation. One prop¬ 
erty of cross correlation is that as the cor¬ 
relation time, (the time constant of the 
R-C filter), is increased, the contribution 
in the output of the filter resulting from 
random noise superimposed upon /(/) 
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tends to vanish, as compared to the con- Fig. 4. Attenua- 

tribution resulting from f(t)g(t) and Hon versus fre- 

' fifigit—r). 1 quency diagram and 

The output of the filter is used to con- thematic diagram 

trol the tuning of the local oscillator. of equalisation filter 

Perhaps one of the easiest ways to achieve squired in Fig. 

control of the tuning is to shunt the tank ^ * 

circuit of the oscillator with a reactance A—Bode diagram 

tube. Upon the grid that controls the °f unequalized and 

amount of reactance offered by the react- equalized system 
ance tube is impressed the voltage output B Required equal- 
from the filter. If the phasing of the izer for B ° de dia ‘ 

system is correct, any tendency of the os- r- a , 

dilator to deviate from the frequency of equalization filter 
the incoming signal will result in the ap¬ 
pearance at the output of the filter of a 
voltage of the appropriate sign so as to 
cause the reactance tube to retune the os¬ 
cillator and correct the deviation. 



Equivalent Circuit 

The equivalent circuit, subsequently to 
be obtained, although derived for the case 
in which peak detectors are used (as in 
Fig. 1) nevertheless applies for all instru¬ 
mentations. In the equivalent circuit 
shown in Fig. 3, the only difference en¬ 
countered when different instrumenta¬ 
tions of Fig. 1 are used is in the analytical 
expression of the transfer through the 
phase detector portion. 

For the purpose of derivation of the 
equivalent circuit, the input voltage f(t) 
and the oscillator voltages g(t) and 
g(t—r) will be expressed by the following 
equations. 

f(t) ~Ei sin (W+&(f)] (1) 

g(t) <=E<, sin [wo^+<^o(^)l (2) 

git— r)=JSosin (coot-{-<f>t(t) — coot) (3) 

In the foregoing equations, 4n(t) and 
are phase angles that are functions of time 
which vary slowly relative to coot. The 
time delay r in the left side of equation 3 is 
replaced in the right side by the equiva¬ 
lent shift in phase of u 0 r radians at a fre¬ 
quency wo. The angular frequency w 0 
is the frequency of the voltage generated 
by the oscillator in the absence of any 
tuning effect exerted by the loop. 

The equation for the transfer through a 
pair of ideal peak detectors to the sub¬ 
traction point in Fig. 1 will now be ob¬ 
tained. The input to one of the peak 
detectors is/(*)+#(/) and to the other 
is f(t)-\-g(t~r). The output of a peak 
detector is a slowly varying voltage wave 
that passes through each of the succes¬ 
sive peaks of the input wave. The out¬ 
put obtained at the subtraction point in 
Fig. 1 is the difference of the outputs of 
the two detectors. The output obtained 
at the subtraction point may therefore 




be found by taking the difference of the 
equations for the envelopes of the waves 
input to the two detectors. When the 
foregoing analysis is performed, the fol¬ 
lowing equation for the output at the sub¬ 
traction point is obtained. 

Ci—C 2 = V / jE< 2 +£o*+2£(£o cos (4>i —<j> 0 ) — 
"\/Ei 2 -\-Eo 2J r2EiEa cos (<pt —^o+wor) 

(4) 

If each of the radicals in equation 4 is ex¬ 
panded into a series by means of a bi¬ 
nomial expansion, and die first two terms 
of each of the series is retained, and if in 
the result a trigonometric substitution is 
made, the following approximate expres¬ 
sion for the output at the subtraction 
point is obtained. 


2KiEo 

Ci — Co — — 

V£i 2 +Eo 2 


. W 0 T . 

sm — sin [«fr— <£o] 


(5) 


The greatest error resulting from the 



RffR 

r,r 2 c 


use of the binomial approximation occurs 
when Ei—Eo. The omission of the higher 
ordered terms in the expansion consists 
primarily of omission of the harmonic con¬ 
tent in the output of the peak detector. 
This omission is relatively unimportant 
because of the nature of the closed loop in 
the system. In the case usually en¬ 
countered in practice, one of the voltages 
is much larger than the other, and the 
error resulting from the use of the bi¬ 
nomial approximation is negligible. 

Equation 5 shows that the output ob¬ 
tained at the subtraction point is propor¬ 
tional to the sine of the instantaneous 
phase difference between /(/) and g(t). 
Thus the portion of Fig. 1 containing the 
peak detectors and the subtraction point 
may be represented as in Fig. 3 as an 
equivalent phase discriminator circuit, 
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which has as its input and «ft> and as its 
output e\—e%. In order that as much 
output as possible be obtained for a given 
phase difference fa—<f> o, the time delay r 
should be chosen so that sin uqt /2 is unity. 
Throughout the remainder of the paper r 
will be regarded as so chosen. 

The output obtained at the subtraction 
point in Fig. 1 is filtered by means of a 
passive filter and then is used to control 
the frequency of the local oscillator. In 
the equivalent circuit shown in Fig. 3, 
the filter is represented by its weighting 
function W(t). 

The oscillator shown in Fig. 1 will be 
assumed to be tuned by a reactance tube 
that is shunted across the oscillator tank 
circuit. The deviation Sco in angular fre¬ 
quency of the oscillator from its free-run¬ 
ning angular frequency w 0 will be assumed 
to be a linear function of the voltage im¬ 
pressed on the control grid of the react¬ 
ance tube. Thus Su is related to the out¬ 
put voltage eo of the filter by the following 
equation. 

5w=keo ((j) 


time in milliseconds 

Fig. 5. Plots of the phase difference *i-*o versus time obtained with the computer analogue of 
the unequalized synchronizer when the input frequency is suddenly shifted from that of the free- 
running local oscillator by the amount marked on each curve 



30 40 50 
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V. 4 UO.UUIJL, k is a constant oi propor¬ 
tionality. The amount of the deviation 
of the phase of the oscillator when its 
frequency is deviated is denoted in equa¬ 
tions 2 and 3 by fa. Since phase is the 
time integral of frequency, fa is related to 
S(») by the following equation. 

fa—y'Scodt 

The substitution of equation 6 into equa¬ 
tion 7 yields the following expression for 
the relationship of fa to e 0 . 

fa’^kj'etsdt 

The frequency-controlled oscillator may 
therefore be represented in an equivalent 
circuit as in Fig. 3 by a box, the transfer 
through it given by equation 8. 

The equivalent circuit for the phase 
control of an oscillator by means of a 
closed loop may be seen from Fig. 3 to 
be a single loop feedback structure that 
contains one nonlinear element and two 
linear elements. The input to the equiva¬ 
lent circuit is fa and the output is fa. 

Steady State 

In the steady state, the oscillator is 
synchronized to the frequency of the in¬ 
coming signal, and fa—fa is a constant. 
To find the steady-state value of fa-fa, 
let the angular frequency of the incoming 
signal be and that of the free-running 
oscillator to be So that the oscillator 
may be synchronized to the frequency of 
the incoming signal, the voltage on the 
gnd of the reactance tube that tunes the 
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oscillator must have a value such that the 
frequency of the oscillator is deviated 
'from «o by an amount « 0 . The sub¬ 
stitution of o>i —wo for So) in equation 6 
yields the following expression from which 
the voltage on the grid of the reactance 
tube may be obtained. 


The filter in the system is of the low-pass 
type; hence its d-c transfer may be taken 
as unity. Consequently e 0 in equation 9 
may be replaced with the right side of 
equation 5. When the resulting expres¬ 
sion is rearranged, the following equation 
is obtained. (As pointed out earlier, 
sin u 0 t/2 is taken as unity throughout this 
paper.) 

sin (fa — fa) = -- 

2kE a E t (10) 

VES+Eo* 

The value of fa-fa when the oscillator 
is synchronized to the frequency of the 
incoming signal is obtained by solution of 
equation 10. It will be noted that no 
solution is possible and the oscillator 
cannot be synchronized when 

U{ —up 

2kE 0 Ej ’ 

VEi*+E 0 * 

Furthermore for a given value of «o, 
the phase difference fa—fa tends to zero 
as the loop gain 2kEiE 0 /VE^+Eq* of the 
equivalent circuit (shown in Fig. 3) is in¬ 
creased. 


Steady-State Stability 
Characteristics 

In the steady-state mode of operation, 
the oscillator may exhibit a tendency to 
hunt so that fa—fa fluctuates about the 
value obtained from the solution of equa¬ 
tion 10. It is desirable to suppress this 
tendency for hunting. The following 
analysis is undertaken in order to study 
the stability characteristics of the closed- 
loop system when operated in the steady- 
state mode and to determine how to sup¬ 
press any tendency for hunting. 

Normally the system is operated so 
that in the steady-state mode, fa—fa is 
much smaller than 90 degrees. Conse¬ 
quently sin(fa—fa)ma,y be replaced in 
equation 5 with (fa—fa). For the pur¬ 
poses of this analysis, the phase dis¬ 
criminator may therefore be regarded as 
a linear device, which has the following 
transfer function Hi.* 


Ves+Eo* v ' 

For a preliminary study of the steady- 
state stability characteristics, the filter 
shown in Fig. 3 will be regarded as a 
simple R-C low pass type, which has the 
transfer function i? 2 . 


Hz is expressed in the LaPlace transform 
notation, and T is the time constant RC 
of the filter. 

As seen from Fig. 3, and from equation 




Fig. 7 (left). Plot* of the phase difference fa—fa versus time 
obtained with the computer analogue of the synchronizer with 
a gain ten times that of the previous system when the input 
frequency is suddenly shifted from that of the free-running 
local oscillator by the amount marked on each curve. Note 
the increase in pull-in range, decrease in static error, and the 
increase in the speed of response as compared to the original 
system 


Fig. 8 (right). Responses of the equalized and the un¬ 
equalized experimental synchronizers to a suddenly applied 
signal of frequency different from that of the frequency 
local oscillator by the amounts shown on the figures. The 
curves show the voltage at the grid of the reactance tube as 
a function of time 

A—Unequalized, frequency step=2.4 cycles per second (cps) 
B—Equalized, frequency step = 2.4 cps 
C—Unequaiized, frequency step=24 cps 
D—Equalized, frequency step =24 cps 


8, the transfer of the oscillator from input 
to output involves a single integration. 
The transfer functon H% of the oscillator 
is therefore given by the following equa¬ 
tion. 


The loop gain of the equivalent circuit 
shown in Fig. 3 is the product of the trans¬ 
fer functions of the discriminator, the 
filter, and the oscillator. Thus the loop 
gain HiHzHa is given by the following 
equation. 


HiHtHt* 


2kEoEi 1 
VEi'+Ea 2 s(Ts+l) 


The stability characteristics of the sys¬ 
tem in the steady-state mode of operation 
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may be studied by means of a Bode dia¬ 
gram; i.e., an asymptotic plot of the loop 
gain constructed with a log-frequency 
abscisses and a log-amplitude ordinate. 3 
Such a plot of equation 14 is shown in 
Fig. 4(A). In construction of Fig. 4(A) 
the gain constant 2kEoEt/^/E^-\~E^ was 
set equal to 1,750 and the time constant T 
to 0.02 seconds. 

(The values of 2kE 0 E i /VE i i +E Q 2 and 
T used in the construction of Fig. 4(A) 
are the values for which the experimental 
data presented in the following section 
was obtained. It will be noted from equa¬ 
tion 10 that with 2kE 0 E i /V i *E+E a i 

l,/50 operation m the steady-state 
mode is possible when <0*—a>o does not 
exceed 1,750 radians per second. This 
corresponds to a frequency difference of 
1,750/2 t or 278 cycles per second.) 

Regardless of the choices of the gain 
constant and the time constant in equa¬ 
tion 14, the maximum slope of the Bode 
diagram is always —2. Consequently, 
the loop phase shift is always less than 
180 degrees and the system will always be 
stable in the sense that transients will 
eventually die away. For the Bode dia¬ 
gram shown in Fig. 4(A), the loop phase 


shift at the frequency of unity gain may 
be shown to be —154 degrees. The 
phase margin, which is the difference be¬ 
tween 180 degrees and the loop phase 
shift at the frequency of unity gain, is 
26 degrees. The nature of the stability 
characteristic of the system, when it is 
operated in the steady-state mode, is 
directly associated with the value of the 
phase margin. For small phase margins, 
the system exhibits a pronounced tend¬ 
ency for hunting. For large phase mar¬ 
gins, the system becomes extraordinarily 
sluggish. Optimum phase margin ap¬ 
pears to be in the neighborhood of 45 
degrees. In order to suppress the tend¬ 
ency for hunting in systems that are not 
adequately stable, as in Fig. 4(A), the 
phase margin must be increased. This is 
easily accomplished by the introduction 
into the loop of Fig. 3 of an additional 
filter, see Fig. 4(B) that modifies the Bode 
diagram to the form shown by the dotted 
lines in Fig. 4(A). When the system is 
equalized by the use of such a filter, the 
tendency to hunt is suppressed. Equali¬ 
zation of this system is always possible 
regardless of the value of the gain con¬ 
stant. In addition, with equalization, 
higher loop gains may be used without 


tendency to hunt than would otherwise be 
possible. 4 

The equalization departs from optimum 
if the value of the loop gain constant 
should change from the design value. 
The loop gain constant, as seen from 
equation 14, is a function of the amplitude 
of the input signal. To maintain the 
equalization near optimum, the filter mus t 
be designed to operate over a sufficiently 
wide frequency range that input ampli¬ 
tude changes do not seriously effect the 
phase margin or else some control must 
be exercised over the amplitude of the 
input signal before it is fed into the phase 
control system. For an analysis of the 
system in the time domain, where it is 
more difficult to optimize the equalization 
filter. 4 

Simulated Characteristics 

When a signal of frequency different 
from that of the local oscillator is sud¬ 
denly applied to the input in Fig. 1, the 
phase difference —#o may go through 
several cycles before synchronization is 
achieved. The small signal approxima¬ 
tions used in the preceding section are not 
applicable during this interval. To study 
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the behavior of the system in the initial 
synchronizing interval, the circuit shown 
' in Fig. 3 was simulated on a REAC ana¬ 
log computer. The phase discriminator 
was realized in the computer by means of 
a resolver. Since the resolver had a rota¬ 
tion that was limited to ±180 degrees, 
the use of the computer was limited to the 
study of those initial synchronizing condi¬ 
tions for which the did not exceed 

180 degrees. The study was performed 
on a system which did not use the equali¬ 
zation filter, on the same system when it 
was equalized, and on a system which in 
addition to being equalized had the loop 
gain increased bv a factor of 10. The 
results obtained, which are shown in 
Figs. 5, 6, and 7, clearly demonstrate 
the substantial improvement obtained 
through the use of the equalization filter. 
The improvement is obtained not only in 
the suppression of the tendency to hunt 
in the steady-state mode of operation but 
in the duration of the initial synchronizing 
interval as well. An increase in the fre¬ 
quency range over which synchronization 
could be accomplished may also be noted. 

Experimental Characteristics 

The preceding theories were verified 
on an experimental model in which the 
phase discriminator was instrumented by 
means of peak detectors and in which the 


oscillator was controlled by means of a 
reactance tube. T he loop gain constant 
2kE 0 E i /\/Eo 2 +E i 2 was 1,750 and the 
time constant T of the filter was 0.02 
seconds. The experimental model was 
tested with and without the use of the 
equalization filter, which is shown in Fig. 
4. The experimental results obtained, 
which are shown in Figs. 8 and 9, clearly 
show the improvement obtained with the 
use of the equalization filter. 

The use of the equalization filter has a 
further advantage. The frequency dif¬ 
ference w 0 in which the unequalized 
system may be guaranteed to always syn¬ 
chronize is smaller than that which is pre¬ 
dicted by means of equation 10. The 
reason is that near the limits of co*—« 0 as 
predicted by means of equation 10, the 
unequalized synchronizer may, if the 
initial phase difference at the instant of 
application of the input signal is favora¬ 
ble, go into a stable oscillation. This is 
demonstrated in Fig. 9(A). In the left 
side of Fig. 9(A), the initial phase dif¬ 
ference <t>i—(k j was unfavorable to the os¬ 
cillation mode; whereas in the right side, 
the initial phase difference was favorable 
to the oscillation mode. The oscillation 
mode persisted until a random disturbance 
occurred that shocked the system into the 
steady-state mode. In the equalized sys¬ 
tem the frequency range a>i-w 0 in which 
synchronization always occurs is substan- 

No Discussion 


tially extended relative to that of the un¬ 
equalized system. 

Conclusions 

Proper equalization results in substan¬ 
tial improvement in the performance of 
the system. In the system which was 
tested, the synchronization time was re¬ 
duced by a factor of 10 and the pull-in 
range was extended by a factor of 2. 
Furthermore, operation in the false mode 
was eliminated by the equalization. 
When properly equalized, synchronizers 
can be designed for higher loop gains 
than would otherwise be possible, and 
the benefits of still smaller phase errors 
and shorter pull-in terms r ealize d 
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M AGNETIC recording has attained 
an important position in the field 
of digital data storage because of its sim¬ 
plicity and economy. Information is 
handled in binary form, requiring a dis¬ 
crimination between only two states. 
These states correspond to two opposite 
senses of saturation, and new information 
is then merely recorded over that pre¬ 
viously contained, erasing being unneces¬ 
sary. This paper is primarily concerned 
with the development of a useful mathe¬ 
matical description of the process of mag¬ 
netic recording of binary information. A 
concept of this process is developed which 
furnishes an analytical basis for design 
evaluation. While a large part of the fol¬ 
lowing is applicable to binary storage on a 
continuous magnetic medium in general, 


the paper is specifically concerned with a 
magnetic drum unit using a ring-type 
magnetic recording head, wherein the 
type of magnetization is referred to as 
longitudinal. This is at present the most 
common form for a magnetic drum 
memory system. 

The paper will first present a brief re¬ 
view of the distinctive characteristics of 
a magnetic drum digital recording unit, 
followed by a qualitative discussion of the 
input-output relations for various binary 
coding techniques. The remainder of the 
paper is devoted to the recording geom¬ 
etry which is of paramount importance. 
The major emphasis of the paper is on 
the influence of the geometrical param¬ 
eters upon the recording performance. 
The basic storage unit under considera- 


Drum Storage Characteristics 


A moving storage surface for binary in¬ 
formation can be specified in terms of its 
capacity in binary digits (bits) and an 
inherent access time, which is taken here 
to be the recurrence interval for a given 
bit of information. For a rotating drum 
this interval is the time for one revolution. 
The merit of the storage surface may be 
measured by the ratio of capacity to 
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of the writing current at preceding in¬ 
stants can be neglected. 

Due to the x extent of the fringing field, 
this cross section must undergo some finite 
displacement from the air-gap centerline 
before the magnetizing field is reversed, 
in order that this induced magnetic satu¬ 
ration state remain unchanged. This 
minimum displacement is essentially given 
by the effective writing field extent, as 
will be described. 

Suppose the track is uniformly satu¬ 
rated in the negative x direction and the 
surface is stationary. The application of 
an oppositely directed saturation writing 
field will reorient the condition of mag¬ 
netization in the immediate gap region and 
reverse the sense of saturation at the air- 
gap centerline. The effective writing field 
extent tj is defined as the distance in the x 
direction from the air-gap centerline to a 
plane #=*?, which is identified with one re¬ 
sulting boundary of the negatively satu¬ 
rated region. 

The analysis is based on the following 
model. The applied magnetizing field is 
assumed to arise from a uniform magnetic 
surface charge density distribution on the 
pole faces of the magnetic head. This as¬ 
sumption corresponds to the uniform 
magnetization of the magnetic head core 
under an impressed input current. Fur¬ 
ther, as y s is much greater than the other 
spatial parameters in this 2-dimensional 
structure, these pole faces are considered 
to extend to infinity in the positive y direc¬ 
tion. 

Using this model the writing field is 
identical to that arising from two semi¬ 
infinite charged planes. The horizontal 
writing field component H x can easily be 
shown to be proportional to a; see Fig. 2. 
Based upon the hysteretic behavior of the 
surface material, rj can be computed ap¬ 
proximately as this distance may be 
related to a given fractional decrease in 
the horizontal field component from the 
reversing saturation level at x=0. 

Experimentally this distance was meas¬ 
ured in the following way. The track 
was initially saturated in the negative 
sense. Then with the drum stationary a 
positive saturation magnetomotive force 
was applied to the magnetic head and re¬ 
moved. The resulting surface magnetic 


state was observed optically with a micro¬ 
scope through the application of an ex¬ 
tremely fine carbonyl iron powder in an 
oil suspension, the particles being drawn 
to the saturation transition boundaries. 
The correlation with the idealized model 
appears reasonably good in view of the 
nature of the problem and this simple 
model seems suitable for evaluating the 
relative influence of the system parame¬ 
ters in writing. 

The writing definition ij, representing 
the minimum distance between the two 
saturation states that can be achieved on 
the storage surface for a given design, 
establishes the minimum cell length 
limit due to writing. It should be noted 
that because of the nonlinear magnetic 
surface characteristic, necessary for stor¬ 
age, the writing definition is better than 
the sharpness of the magnetizing field con¬ 
sidered alone warrants. This would not 
carry over to reading regarded from a 
principle of reciprocity. 

When the input current is held constant 
at one of the saturation levels all surface 
cross sections traverse the same magneto¬ 
static writing field, including a region 
sufficient to produce a common saturation 
condition. Thus a closely uniform mag¬ 
netic state results, i.e., there is no varia¬ 
tion with the peripheral co-ordinate. It 
will be assumed that M—M x and that the 
senses of saturation correspond to the 
positive and negative x directions. That 
the main orientation is longitudinal is in 
accord with experimental behavior and, 
indeed, would be expected to predominate 
where longitudinal recording is used. M x 
then resembles in space the recording cur¬ 
rent in time, as long as a current step 
does not appreciably effect the previously 
recorded transition region as outlined 
earlier. Due to the insensitivity of H x 
with y and for practical values for d, it is 
reasonable to neglect any variation with y. 


Reading 

As indicated in the diagram of the re¬ 
cording process, to analytically formulate 
the transfer behavior a relation must be 
established between M x and <f>k(x). With 
the low field levels on readback, the mag¬ 
netic core acts closely as a linear element. 
Then the output for an arbitrary two- 
level input pattern can be synthesized by 
superposition, using the response to a 
step input. However, M x for this step 
function is only qualitatively known, with 
no specific functional form. Thus the ap¬ 
proach taken here is to consider the wave¬ 
length response in reading and use a fil¬ 
ter concept, this filter operating upon 
the wavelength spectrum of M x . Con¬ 
ventional filter concepts can then be em¬ 
ployed in describing the transmission be¬ 
havior of the system in reading, neglect¬ 
ing base-line effects. The wave-length 
bandwidth needed can be intimated from 
the writing definition. After this filter is 
postulated the over-all behavior to a 
step function input will be outlined. 

For the idealized recording unit indi¬ 
cated, the derivation of the desired relation 
between the reading coil flux and M x is 
straightforward. The various factors 
entering into this relation have been 
given and confirmed in the literature 1 
and these results will be merely assembled 
here in the desired form; i.e. 

where 

K—a. constant and includes the multiplying 
factor of head-width 

-ff(X)=a function of the recorded wave 
length X and the geometrical param¬ 
eters 

*>»-[<■ -■ ¥ )](--“)(^) 

These factors hold for . the realizable 


Fig. 2 (left). Geomet¬ 
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wave lengths encountered in this mag¬ 
netic recording application. Because of 
the ideal differentiation operator in the 
overall transfer process there is no par¬ 
ticular loss in generality in accepting the 
extension of H(l/X)=H(u) to the limit 
u ~ 0 * Then H(u) can be regarded as the 
response of a low-pass wave-length filter 
with only attenuation. As u appro aches 
zero, H(u) approaches 2ird. Then the 
gain of this filter is equal to 2ird or is 
directly proportional to the depth of the 
magnetic storage surface. Let the band¬ 
width of this filter be defined as that value 
of u at which the response is down 3 deci¬ 
bels, designating this point as u - u c . An 
explicit expression for the bandwidth can 
be obtained by first replacing each factor 
of H{u) by an approximation, satisfac¬ 
torily representing the original term out to 
i.e., for 0 <«<« c 

H(u) ~ Ml - *k)] [1-2 rSu] [1 -c(iryu)] 

where 0 <c< 0 . 21 . 

A linear approximation in u has been 
chosen for the air-gap factor. In this 
orm c actually should be a function of 
the relative magnitude of y compared to 
d and 8, c= 0.21 corresponding to the en¬ 
tire attenuation arising from this term. 

In practice y, d, and 8 are usually of the 
same order of magnitude and the contri¬ 
bution of the air-gap factor represents 
o y a fraction of the total attenuation at 
the 3-decibel point. For an improved ap¬ 
proximation c should therefore be less 
than 0.21. It is apparent here that u c 
will be fairly insensitive to the actual i 
value assigned to c. 

Taking the first-order terms in u ^ 

■ff(M)»ff( 0 )[l — vdu—2v8u—c(iryu)] 1 

where Ff(0) =2rd. Then t 

0.292 € 

w« -- f 

ird-{-2ir8+CTry 1 


- to the necessity for noncontact operation. This modulation effect can be formula^ 
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' reached beyond which it will be impossible Let 

' to maintain the saturation level of the air- 

: gap fringing field at the storage medium. S ° “ mea . n vaIu e of the separation distance 

A lower limit for d appears in obtaining a V ~ maximum deviation from the mean of the 
satisfactory signal-to-noise ratio. This separation distance 

limit may arise in terms of a signal-to- then 
surface noise ratio because of the diffi¬ 
culties of getting a uniform coating in a \a* I -yCW 

thin layer, particularly if a spray tech- ~ --:--- 

nique is used. e> 

Where noncontact operation is essential 
it is seen that a definite upper limit exists _ e T_ j 
for u e . An optimum d may exist for a 
given separation distance, for as d is For p « x 

decreased eventually this will have little i. . 0 

influence on increasing u c while still re- — = — 
suiting in a proportional gain reduction. h X 
The nonlinear characteristic of the storage it k J , . 

surface favors writing S ^ 1S seen t " at modulation effect i; 

independent of the mean separation dis 
Step Function Response ^nce and under the latter condition h 

The correlation between the scales of P ro P° 5 tl °nal to the ratio of th< 

distance along the surface and time is to the corded wave 

given by x=vL However, even for in- I y P* recordm S fieId k not as 

stantaneous switching of the input current . sma11 chan S es m 8 and hence 

the change in magnltizatio^ TSe 2^ °° w “ not in- 

surface will have a finite gradient with a ® gmficant “ . wnting ; Modulation re¬ 

transition region equal to » as indicated t *? 8 the minimum -signal-to-maximum- 
earlier. Ita. ratio for the whole track dr- 

detail results when writing in terms of a 1 - 5 umferen . ce to less than that which holds 

to-1 correspondence between the time and • any S^en angular position. The fore¬ 
space domains. Reading of the recorded result further yields a technique for 

pattern has been shown equivalent to measurement and display of the ec- 
transmission through a low-pass wave- nt * city of stating members which 
length filter which results in an attenua- ^ extremely sensitive, 
tion of the shorter wave-length com¬ 
ponents of M x . This low-pass filter action Conclusions 

rcsiilfc in n 1 am _i i • • 
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= « x -1 
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It is seen that this modulation effect is 
independent of the mean separation dis¬ 
tance and under the latter condition is 
directly proportional to the ratio of the 
maximum deviation to the recorded wave 
length. The recording field is not as 
sensitive to small changes in 8 and hence 
modulation” will not be relatively in¬ 
significant in writing. Modulation re¬ 
duces the mimmum-signal-to-maximum- 
surface noise ratio for the whole track cir¬ 
cumference to less than that which holds 


1 a LCUJLmique ror 

the measurement and display of the ec¬ 
centricity of rotating members which 
can be made extremely sensitive. 

Conclusions 


results in a loss of resolution in reading 

and the output voltage pulse, proportional Most magnetic drum units operate at 
to the derivative of the reading-coil flux, ceU densities where considerable inter- 
exhibits the customary broadening effect ference between the output response of 
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txpanmentaUy the output voltage pulse The to which this is permissible 

width in time is considerably more than depends somewhat upon the 
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Drum Modulation 

An additional problem in the use of 
many magnetic drum memories is a modu¬ 
lation effect resulting from sHght varia¬ 
tions in the separation distance between 
the magnetic head and the magnetic sur¬ 
face with the angular position of the drum. 
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tion to be established. The relative 
significance of the geometrical parameters 
in reading has been clearly indicated 
The bandwidth and gain of the wave¬ 
length filter have been explicitly expressed 
in terms of these parameters. Further¬ 
more, the filter bandwidth associated with 
reading has a definite limit with noncon- 

Data September 1954 





tact operation irrespective of any prac¬ 
tical sacrifice in gain that may be possible. 

■* The nonlinear character of the storage sur¬ 
face is shown to result-in an improvement 
of writing definition over the correspond¬ 
ing resolution in reading. Modulation 
effects have been shown to depend only 


upon the absolute variation in separation 
distance. 
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O ccasionally, telephone plant 
and equipment are subjected to 
voltages and currents from external 
sources which are very much larger than 
those used in normal operation. A 
reasonable reserve in dielectric strength 
and current capacity is provided, but to 
cope with the more severe extraneous volt¬ 
ages it is necessary to provide protective 
arrangements. 

The two most common sources of these 
extraneous voltages are lightning and con¬ 
tacts with electrical power circuits. 
There may be other effects such as the 
static potentials left on open conductors 
by charged sand particles blowing through 
the air; or even the infrequent magnetic 
storms which have sizable earth currents 
associated with them and which produce 
potentials between widely separated 
points. However, experience over the 
years has shown that lightning and power 
are the major electrical disturbances for 
which protective arrangements must be 
designed. 

Little can be done to control the fre¬ 
quency of lightning disturbances and the 
protective arrangements are designed 
solely to reduce the effects. On the other 
hand, the magnitude and duration of cur¬ 
rents and voltages arising from contact 
between power and telephones systems, 
as well as their effects, may be controlled 
by protective arrangements in both sys- 
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terns. This latter problem has been the 
subject of joint study of engineers of the 
power and telephone industries over many 
years. Many joint reports have dealt 
with co-ordination of power and tele¬ 
phone construction or with protective 
arrangements applicable to joint or cross¬ 
ing poles. This paper outlines the princi¬ 
ples of protection for subscriber stations 
and describes how these basic concepts fit 
into the plan of protection for an entire 
telephone system. 

Purposes 

Turning first to the purposes of protec¬ 
tive arrangements, there are three pri¬ 
mary purposes as follows: 

L To provide for the safety of persons, 

1. e., customers, workmen, and the public. 

2. To minimize likelihood of damage to 
a customer’s property. 

3. To limit the damage to the telephone 
plant and minimize service interference. 

Of these, the safety of people is of 
paramount concern. 

Methods 

The basic methods used to accomplish 
these purposes are as follows: 

1. Provision of effective grounding of 
telephone lines at subscribers’ premises 
when the lines are subjected to abnormal 
voltages. 

2. Provision of suitable current paths 
between nominally grounded metallic struc¬ 
tures and telephone wires, and limitation 
of voltages to a safe value. 

3. Provision of co-ordinated electrical 
protection of power and telephone plant 
so that in the event of a contact the power 
circuit involved will be promptly and 
reliably de-energized. 


4. Provision of paths to divert lightning 
currents into the ground. 

It is very fortunate that, by the nature 
of things, these methods all work in the 
same direction to accomplish the primary 
purposes. In general, there is no con¬ 
flict between them; hence one does not 
have to be compromised to aid the other. 

General Principles of Protection 

It is necessary in protection to remem¬ 
ber that the significant voltage which 
must be minimized is the voltage between 
two conductive parts which a person 
could touch simultaneously or between 
parts which must be insulated from each 
other against dielectric failure. The volt¬ 
age of a conductive part with respect to 
true ground is not necessarily significant 
unless one of the two parts mentioned re¬ 
mains essentially at true ground potential 
during the abnormal voltage conditions. 
The latter condition seldom applies in 
practice because a ground usually must 
be connected to earth at a remote point to 
represent true ground. 

At the risk of appearing to explain the 
obvious, two examples of the difference 
from the safety standpoint between po¬ 
tential to ground and potential difference 
may be worth while. 

1. A modem form of the "Faraday cage” 
is a steel-bodied automobile. If one should 
be so unfortunate as to have a power wire 
fall on his car, he will be perfectly safe as 
long as he stays inside (even though the car 
body may be energized at. several thousand 
volts with respect to ground potential) 
because all of die surfaces are at the same 
voltage. But unless he is unusually agile he 
cannot get in or out of the car safely. To 
avoid the chance of being killed, he must 
jump out, or in, in such a manner that he 
never touches the car and the ground simul¬ 
taneously. 

2. Small birds are perfectly safe in flying 
around and perching on high voltage power 
wires because they can never touch more 
than one of the wires at a time but a bird 
big enough to touch more than one wire or a 
wire and a grounded object simultaneously 
is taking a terrific chance—as witnessed by 
the number of dead hawks, cranes, etc., 
which are pulled out of power wires. 

While it is not possible to have the cus- 
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F*S- 1. Schematic of fuse-type protector 
formerly installed in cable areas 

tomers or telephone workmen enclosed in 
a Faraday cage, a close and effective ap¬ 
proach to it can be made. This approach 
can be summarized as follows: 

1. To the extent that it is practicable, 
all wiring and metallic piping should be 
well grounded, preferably to the same 
grounding electrode. 

2 - 9? P oles the teIe Phone cable and plant 
should be bonded to effectively grounded 
power neutrals. 

Since the telephone circuits cannot be 
connected directly to grounded metallic 
structures, it is necessary to make con¬ 
nections to ground through "protectors” 
to avoid disturbing normal telephone 
service. These protectors are simply de¬ 
vices which keep the circuit insulated in 
the absence of abnormal voltages and 
make direct connections in the presence 
of such voltages. These protectors, or 
lightning arrestors as they are sometimes 
called, usually take the form of low-volt¬ 
age spark gaps, of which the most reliable 
and economical design for telephone pur¬ 
poses has been found to be two carbon 
electrodes with an air gap between thpm 
For grounding noncurrent carrying parts, 
Midi as cable sheath, connection ran 
usually be direct. 

At the customer’s premises the method 
consists of connecting the protective 
ground wires to the metallic piping sys¬ 
tems or other suitable grounding elec¬ 
trode and preferably to the same elec¬ 
trode to which the neutral of the power 
system is connected. According to the 
National Electric Code, the customer’s 
ectric neutral and telephone protector i 
ground must be connected to the metallic 1 
underground water system, public or pri- S 
vate, when it is available. The prefer- 1 
ence for the water pipe as a telephone 1 
protector ground therefore comes as a * 
result not only of its low impedance but 
also because of the common grounding it t 
provides. 6 

While the telephone facilities have been K 
considered in the foregoing as the ones tl 
that are subject to energization, it must b 
be^recognized that it is also possible for f c 
other wire services, or even piping, to be pj 
energized by lightning or abnormal power si 
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= conditions. If the latter condition exists, 
the telephone facilities provide a path 
away from the subscriber’s premises 
rather than toward it. In either event, a 
common grounding electrode equalizes 
the potential differences within the 
premises. 

On poles carrying both power wires and 
telephone cable, bonding can be accom¬ 
plished by connecting at regular intervals 
the telephone cable sheath to the power 
system vertical ground wires associated 
with effectively grounded neutral wires. 
In addition to increased safety, bonds to 
neutrals (viz., vertical ground wires) will 
substantially limit the area over which 
cable troubles occur in the event of a con¬ 
tact or a lightning stroke. 

Where telephone circuits are open wire 
they cannot be bonded directly to power . 
neutrals or other nominally grounded ob¬ 
jects because such direct connection would 
render them inoperative. However, they 
can be equipped with heavy-duty protec¬ 
tors (spark gaps with large electrodes) at 
intervals, and the grounding points of 
these protectors can be connected to 
power neutrals or other effective grounds. 

To date such protectors have been used 
primarily where the power circuits with 
which contact may occur are in the 5-kv 
(or higher) voltage ranges. The protec¬ 
tors have breakdown voltages in the order 
of 3,000 volts. However, heavy-duty 
protectors having lower voltage break¬ 
down (1,600-2,000 volts) are under de¬ 
velopment and it is expected that they 
will find increasing application. 

Fuseless Station Protectors 

One of the recent developments for 
exposed telephone stations in cable areas 
is a new heavier duty protector generally 
referred to as the "fuseless station pro¬ 
tector.” 1 

Heretofore the type of telephone pro- 3 
tection installed at a customer’s premises 
was as shown in Fig. l and can be de- ! 
scribed as follows 1 
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Fig. 2. Schematic of fuseless protectoi 
presently installed in cable areas 


\ * low-voltage spark gap operating at 
about 350-rms volts is provided from each 
wire to ground. 

2. A fuse is provided in each line wire to 
interrupt the current if, and only if, it is 
large enough and persists long enough for 
the protector to overheat and start a fire. 

The purpose of the fuse element in 
the Fig. 1 arrangement is to protect the 
protector and its associated wiring by 
limiting the currents that can flow through 
the protector under fault conditions. A 
blown fuse, however, does not remove the 
foreign potential from all parts of a tele¬ 
phone circuit, as the portion of the line 
side of the fuses may remain energized. 
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I This Point is illustrated by the mini- 
i mum ^ maximum current values which 
- were used m the selection of the station 
fuse. A 7-ampere fuse was required so 
» tImt ft would not open under a 6.6-ampere 
. fault current from the older constant 

current street-lighting circuits. A smaller 

L fuse niight operate and leave the high 
open-circuit voltage of the street-lighting 
circuit on the telephone conductors. 

Further, each unopened ground con¬ 
nection provides a contribution to the 
current-carrying capacity of a grounding 
system or, conversely, the collective open¬ 
ing of many station fuses would reduce 
the ability of telephone plant to handle 
fault current. Thus, it can be reasoned 
that the fusible element should be as 
large as possible as long as it does not per¬ 
mit overheating of the station protector. 

With these thoughts in mind, a heavier 
duty station protector has been developed 
and the new arrangement, which is now 
being used at telephones served by drop 
wire in telephone cable areas, is shown in 
Fig. 2. 

Outwardly, the difference between Fig. 

1 and Fig. 2 lies in the omission of the sta¬ 
tion fuse. There is, however, a fusible 
link in the circuit which in all cases will 
open before the protector overheats. In 
most instances this fusible link will be the 
small conductors in the terminal stub con¬ 
nected to the main cable. In other cases 
this fusible link will be the drop wire. 
Thus, the degree of protection to the sub¬ 
scriber has not been changed. Merely a 
huskier protector with a larger fuse has 
been provided. 

t However, the over-all grounding situa¬ 
tion is improved. Experience has shown 
tdut the fusing of drop wire or small con¬ 
ductors in cable is extremely rare. Dur¬ 
ing fault conditions, therefore, the new 
protective arrangement of Fig. 2 ma¬ 
terially adds to the fault current capacity 
of telephone plant. 

This improvement in electrical protec¬ 
tion with the fuseless protector has been 
accompanied by substantial savings. 
These savings are twofold. The first 
cost of the protector installation is lower 
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because the new design permits a reduced 
material charge for the protector and its 
housing. After the fuseless protector is 
in service, a second saving is realized by a 
reduction in number of maintenance visits 
to replace operated fuses. This main¬ 
tenance saving will be particularly ap¬ 
parent in areas of high lightning inci¬ 
dence, since the station fuse performs no 
useful function in mitigating a lightning 
surge but is nevertheless extremely vul¬ 
nerable. 

It may be of interest to know how the 
fuseless protector looks on a customer’s 
premise. Shown in Fig. 3, the uni t is 
not much larger than an egg. The weath¬ 
erproof housing in Fig. 4 is for outdoor 
use. 

The spark-gap assemblies appear ex¬ 
ternally as two large screw heads. 
Whereas this assembly employs air as 
the dielectric between the carbon elec¬ 
trodes, it is a partially sealed unit and 
therefore relatively free from moisture 
troubles inherent in tire design of other 
protector mountings. Another feature 
of this protector assembly is the low-melt¬ 
ing temperature alloy pellet located 
above the uppermost carbon electrode. 
With higher currents this alloy softens. 
The spring base of the mounting can then 
force both the lower and upper electrode 
up and make a metallic contact with the 
brass sleeve of the protector assembly. 
The arc across the two carbon electrodes 
is thus short-circuited and extinguished. 
By this method the amount of heat gen¬ 
erated in the protector by an arc is elim¬ 
inated, and its current capacity becomes 
a function of the heating of the metal¬ 
lic parts of the protector. 

Providing Favorable Impedances to 

Power Circuits 

One of the important considerations in 
protection is to limit the duration of 
power voltages on telephone plant and 
circuits. Theory and experience both 
indicate that as duration of foreign volt- 


Fig. 3 (left). Fuse I ess pro¬ 
tector for subscriber Stations. 
Detail view is the cylindrical 
carbon protector block as¬ 
sembly 

Fig. 4 (right). Cover for out¬ 
door mounting of the fuseless 
protector shown in Fig. 3 


ages is reduced, safety to personnel is im- short circuit from phase to neutral. Such 

proved and plant damage is lessened. a short circuit will aid in assuring that 

Fault currents must be high with respect the power circuit will be de-energized in a 

to load currents in order to operate power reasonably short time, 
protective devices promptly. Corre- The actual de-energization of a power 
spondingly, fault current impedances must circuit requires, of course, that there be 

be low, and the portion of telephone plant some automatic de-energizing means in- 
through which a fault current might flow eluded in the power circuit. These, de- 
must therefore be of low impedance and energizing means may take various 

have adequate current-carrying capacity forms—-the important point is that they 

to facilitate the operation of power circuit reliably and promptly interrupt power 
de-energizing devices. flow in the event of a low-impedance 

Where power circuits with effectively fault, 
grounded neutrals exist, bonding the It is a characteristic of many power 
sheaths of telephone cables to the neutral distribution circuits that their load is 

at regular intervals provides a very low largely single-phase and hence the so- 

impedance from phase wire to neutral in called 3-phase distribution circuit can be 

the event of contact between power cir- looked upon as 3 single-phase circuits 

cuits and telephone plant. In such cases, (usually with a single neutral) carried on 

a phase-to-cable fault is practically the the same pole head. In most instances a 

same as a phase-to-neutral fault. For contact between power and telephone 

aerial wire the low-impedance path is plant will involve only one phase wire, and 

provided by connecting the heavy duty the de-energization means must be ar- 

protectors described earlier to the ranged to operate under this condition, 

grounded neutral. With these methods, Furthermore, de-energization requires 

most of the fault current returns to the that the power circuit fuses or relays in 

power system through the neutral wire each phase be able to distinguish between 

rather than through the ground path. a normal load and a fault. The ability 

Where the power circuit does not have to do this generally depends on the ratios 

an effectively grounded neutral, other of currents in the two cases. For usual 

paths to ground must be relied upon to designs or power circuits the ratio be- 

de-energize the power circuit in the event comes more favorable as normal voltages 

of a contact. In this case, the impedance are increased. 

presented to the power circuit is the com- Up until recent years an adequate ratio 
bined impedance of the many paths to between short circuit and normal load 

ground over the telephone sheath and currents on power systems, at least in 

telephone circuits. Therefore de-ener- cities, was possible at relatively low dis- 

gization is frequently less rapid, and tele- tribution voltages in the order of 4-kv 

phone plant damage, in general, will be phase to phase. As power loads have 

greater. Recalling the discussion on the grown and normal load currents have been 

fuseless protector, this is an instance increased, the ratio has become less 

where the improved current-carrying favorable. For a given power rating, a 

capacity of the new protector would im- higher voltage power system will have a 

prove such an undesirable situation. If more favorable current ratio, a fact which 

the trend toward multigrounded neutral is borne out by our experience with lines 

power systems continues in the future as that are joint with 12-kv power, 

it has in the past, these less favorable In many rural areas the time has long 
situations should be reduced in number since passed when fully satisfactory ratios 

and degree. could be obtained with 4-kv circuits. It 

_ _ . _ is indeed fortunate, from the protection 

Power Circuit De-enbrgization standpoint, that in the relatively early 

As indicated in the foregoing, if bonding days the power industry adopted volt- 
and grounding are carried out properly, a ages in the order of 12 kv for most rural 

contact between a power circuit and a distribution. Experience quite clearly 

telephone circuit produces essentially a shows that prompt or even reliable de- 
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energization of low-voltage rural distri- 
,yL 101 * cir ^ is, in many cases, very 

difficult to obtain. 


Effects of New Types of Telephone 
wire Insulation 

Tbe effect which some of the new ma¬ 
terials such-, as polyethylene will have 
when used as insulation on individual 
telephone wires may be of interest. As 
the relative cost of these materials be¬ 
comes lower, the amount of their usage 
will multiply. 6 

In cables these plastic insulating ma¬ 
terials compare favorably with paper in¬ 
sulation and provide an advantage in 
insulation breakdown strength by a factor 
of from 5 to 20. When very short dis- 
turbances, such as lightning, are involved 
the damage to polyethylene ins ul ated 
wire will be either nonexistent or will be 
limited to one or two pairs at the most. 
On the other hand, when the energy and 
time of a disturbance are great enough to 


melt the insulation, there will be little 
difference between paper and plastic as 
to the amount of damage done and the 
number of conductors involved. In the 
design of telephone cable plant, therefore, 
the need to provide an outer covering 
which is well grounded and bonded to the 
electric neutral remains unchanged. 

With the increase in dielectric strength 
provided by polyethylene insulation many 
situations where it would otherwise be 
difficult to protect cable against lightning 
damage, can be adequately protected. 
In other more favorable situations where 
present methods of cable protection are 
adequate, the higher dielectric strength 
will eliminate the requirements for the 
protectors that are frequently connected 
between cable conductors. It will also 
simplify the design of the protectors by 
permitting the use of a spark gap in the 
protector with a higher breakdown volt¬ 
age and consequently with a larger and 
less critical gap spacing. 


Polyethylene and polyvinyl chloride 
are also used for insulation on multiple 
pair distribution wire which h as no outer 
covering. This distribution wire is in¬ 
tended for use where short lengths of 
open wire or small size cable would other¬ 
wise be used. With this type of construc¬ 
tion an insulated plant is provided which 
will withstand most power distribution 
voltages currently employed. However, 
present forms of distribution wire are sub¬ 
ject to abrasion and possible dielectric 
breakdown. Therefore, the protective 
arrangement should not depend entirely 
on the insulation. It is expected that the 
probability of a power contact at a point 
where the insulation is abraided will be 
much reduced as compared with the 
similar situation involving uninsulated 
wires. 


—-♦—- 

No Discussion 



short 4-wire cable circuits. Each channel 
utilizes a 4-kc bandwidth to transmit a 
single side band. This is accomplished 
by the use of slightly modified 0 carrier 
terminal equipment. An ON terminal 
also includes ON repeaters (or transla¬ 
tors) to translate the terminal frequency 
spectrum, so that standard N repeaters 
can be used on the line. The equipment 
may also be arranged for combination 
open-wire and cable circuits and to con¬ 
nect either one or two 20-channel ON 
systems or terminals to a microwave radio 
system. 

Since where equipment is concerned, 
these three carrier systems have many 
features in common, it is desirable that 
the servicing center be designed to t*~ + 
the equipment of all three systems. 


Paper 54-288, recommended by the AIEE Wire 
Communications Systems Committee and approved 
by the AIEE Committee on Technical Operations 
for presentation at the AIEE Summer and Pacific 
General Meeting, Los Angeles, Calif., June 21-25 
1964. Manuscript submitted March 18, 1954 * 
made available for printing May 6, 1954 .’ * 

A. L. Bonner is with BeU Telephone Laboratories 
Inc., Murray Hill, N. J. 


Fig. 1. Some of the carrier units to be tested 


Servicing Center for Short-Haul Carrier 
Telephone Systems 
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O NE of the principal reasons for de¬ 
signing the various equipment units 
of N, 1 O* and ON 3 carrier telephone sys¬ 
tems on a plug-in basis was to facilitate 
normal maintenance of these systems. 
Thus, a faulty unit can easily be replaced 
by a spare to restore service quickly. The 
unit in trouble may then be repaired 
later. The more serious repair work may 
be done at centrally located “servicing 
centers,” where it can be done efficiently. 
Since each individual unit performs at 
least one complete function, it can be 
completely tested separately. 

As will be recalled, the iV system is a 4- 
wire 12-channel system for short-haul 
cables. Because each channel transmits 
both side bands and the carrier in an 8-kc 
bandwidth, it can use very inexpensive 
filters. 


The 0 carrier is a 2-wire system for rel¬ 
atively short lengths of open wire. There 
may be 4, 8, 12, or 16 channels. Because 
a type-0 channel utilizes a 4-kc band¬ 
width to transmit a single side band, the 
channel filters axe relatively expensive 
compared to N carrier filters. 

The ON carrier utilizes both N and 0 
equipment to provide 20 channels for 
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Fig. 2. An arrangement for a complete servicing center 


Fig. 3. Front view of the test set 



Equipment to Be Tested 

The principal N carrier equipment 
which can be tested at the servicing center 
consists of two types of message channel 
units, high- and low-frequency group 
transmitting units, high and low group 
receiving units, and high-low and low- 
high repeaters. Each of the message 
channel units has three subassemblies 
which are tested separately. Other N 
carrier equipment to be tested consists of 
three types of program channel units, a 
through channel unit, deviation regulator 
units, and group and repeater switching 
sets. 

The 0 carrier equipment to be tested 
consists of channel units (each having 
three subassemblies), twin channel units, 
group and repeater oscillators, two types 
of transmitting group circuits, two types 
of receiving group and repeater circuits, 
and several types of filters. 

ON equipment consists of O terminal 
equipment, N repeaters, and ON re¬ 
peaters. 

Altogether there are about 40 different 
units to be tested. Since some of the 
units perform several functions, about 90 
separate test setups are required. In ad¬ 
dition, there are about 20 type-0 carrier 
filters to be tested. A group picture of 
some of the units to be tested is given in 
Fig. 1. 

Requirements for Test Center 

A principal requirement for the servic¬ 
ing center is that it should be capable of 
making essentially the same tests as are 
made in the factory. It should be suf¬ 
ficiently automatic to set up the tests 
quickly, yet low enough in price. 


In the factory, modulation tests are 
made on all of the N, 0, and ON repeater 
and group units to ensure that ampli¬ 
fiers have the required feedback charac¬ 
teristics. Since modulation tests require 
many different filters because of the vari¬ 
ous frequencies involved, it was decided 
to substitute measurements of gain 
around the feedback loops of the ampli¬ 
fiers. 

Description of Complete Servicing 
Center 

Fig. 2 shows an arrangement of a com¬ 
plete servicing center. The principal 


test equipment consists of a servicing 
center test set, oscillator, vacuum-tube 
voltmeter, frequency counter, oscillo¬ 
scope, and volt-ohm milliammeter. An 
O carrier twin-channel unit is shown, held 
by an adjustable damp and connected to 
the test set by a test cord. Any of the 
test conditions for the unit can be ob¬ 
tained by turning the switch dials in¬ 
volved to their proper position. If 
trouble is indicated, it can usually be 
localized by measuring voltages at certain 
strategic points in the unit. For such 
work the “send” or input power is con¬ 
tinuously applied, and the vacuum-tube 
voltmeter equipped with test picks is 
used to measure the voltages. Charts 
which show exactly where to locate the 



Fig. 4. Side view of the test set chassis 
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strategic points, where these points are in 
the circuit, and what the voltages should 
be, greatly facilitate such tests. The 
volt-ohm miUiammeter is a valuable aid 
in locating almost all kinds of trouble. 
The oscilloscope, although not required 
for any of die tests, is particularly valu¬ 
able in locating trouble in circuits in which 
wave form is important, such as the sig¬ 
naling circuit. 

The principal use of the frequency 
counter is to check the frequency of the 
O and ON carrier supply oscillators. It 
will probably be provided wherever the 
amount of work on these oscillators justi¬ 
fies the cost. If it is not provided, the 
frequency of the signal oscillators can be 
checked by a 3,700-cyde crystal filter 
which is furnished on an optional basis. 

Description of the Test Set 

Fig. 3. shows a front view of the test 
set. This set includes two almost inde¬ 
pendent test circuits: one tests the channel 
equipment, and the other tests the group 
and repeater equipment. Such a division 
is natural because the channel unit test 
equipment includes equipment for testing 
the channel signaling circuits and loop- 
back amplifier, which are not required 
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chassis with the top shelf 
twung open 
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tests on any of the other carrier units. 
Ihe channei signaling testing equipment 
and the loop-back amplifier are built into 
the test set. 

Both test set circuits use the same ex¬ 
ternal oscillator, vacuum-tube voltmeter 
frequency counter, and a built-in crystal 
oscillator for carrier frequency supply. 
Each test set includes a switching circuit 
which connects d-c power, carrier supply, 
signal circuit test equipment, and trans¬ 
mission-measuring equipment as required. 

Figs. 4 and 5 show the chassis removed 
from its cabinet and designate the general 
location of most of the component parts 
of the set. The top shelf can be raised to 
make all of the wiring accessible. 

The following describes the main com¬ 
ponent parts of the test set and illus¬ 
trates the functions of the switching cir¬ 
cuits. ° 

Equipment for Testing Signaling 
Circuits 

The equipment for testing the N, 0, 
and ON carrier channel signaling circuits 


consists of an on hook-off hook key cir¬ 
cuit, a continuous source of dial pulses, 
and a per-cent break meter circuit to 
measure how faithfully the channel unit 
signaling circuit reponds to the dial 
pulses. 

The pulse source is a multivibrator 
which drives a mercury relay. The dial 
pulses are obtained from the contacts of 
the mercury relay and have a fixed rate of 
12 pulses per second and fixed per-cent 
break of 58 per cent. A calibration of 
the per-cent break circuit is provided. 

The per-cent break meter circuit em¬ 
ploys a 1-milliampere full-scale meter 
which is so damped that, when a series of 
uniform 1-milliampere pulses is applied, 
the response of the meter is proportional 
to the percent duration of the pulses. 
The meterscale is calibrated to give direct 
readings of per-cent break. 

Loop-Back Amplifier 

The loop-back amplifier is used to con¬ 
nect (loop back) the output of the chan¬ 
nel modulator to the input of the chan nel 
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Fig. 7. Principal features of switch A 


Table I. Switch Settings for Channel Unit and Channel Unit Subassembly Tests 


„ . XTAL 

Carrier Switch Switch Oscillator 

Type Test Setup A B Switch 


and N .Receiver potential loss. 

.Compressor gain. 

.Compressor gain... 

and 2V.Expandor gain. 

and 2V,... .Keyer loss... 

and N .Signaling receiver gain. 

and IV.Signaling receiver adjustment, per-cent break.. 

.Modulator loss. 

(.FA) .Modulator loss..... 

(F) .Modulator loss..... 

.Modulator and demodulator loss... 

(FA).Modulator and demodulator loss, step (a).. 

step (b). 

(F) .Modulator and demodulator loss, step (a). 

step (b).,.. 

....Over-all channel gain. 

(FA) .Over-all channel gain, step (a). 

step (b). 

(F) .Over-all channel gain, step (a). 

step (b). 

•.Over-all channel signal-receiving gain. 

(FA).Over-all channel signal-receiving gain, step (a). 

step (b). 

(F).Over-all channel signal-receiving gain, step (a)... 

step (b)... 

.Over-all channel signal-receiving adjustment, per-cent break. 

(FA).Over-all channel signal-receiving adjustment, per-cent break, 

(F).Over-all channel signal-receiving adjustment, per-cent break. 


. 2. 3 

. 3.2 

. 3. 8 

. 4. 3 

. fi.3 

. 8. 3 

. 0. 4 

. 7.5.184 kc 

. 7. 0 

. 7.10 

. 8. 0.184 

.11......11 

.11. 9 

.11.12 

.11.10 

. 9. 3.184 

. 9.11 

. 9.13 

. 0.12 

. 9.14 

.10. 0.184 

.10.11 

.10. 9 

.10.12 

.10.10 

.10. 7......184 

.10.13 

.10.14 


ON channel tests are the same as for 0. There are two types of N units: F and FA. Whenever the 
loop-back amplifier is used with N channel units, two steps are required: step (a) to adjust the amplifier 
gain and step (b) to make the measurement. 


demodulator. Three different input im¬ 
pedances and two output impedances are 
required. A special filter is provided for 
O carrier channel units so that the same 
frequency band can be used for the modu¬ 
lator and demodulator and thereby make 
loop-back measurements possible. 

Crystal Oscillator 
The crystal oscillator provides the 
proper carrier supply frequency for the 
modulator (or demodulator) of certain O 
carrier units under test. Any one of four 
different crystals can be switched in to 
give frequencies of 184, 192, 198, or 236 
236 kc. 

Transmission Measuring Circuit 
Fig. 6 shows a schematic drawing of the 
transmission-measuring circuit and of the 
method for making transmission measure¬ 
ments. The calibrate key is used to con¬ 
nect the external vacuum-tube volt¬ 
meter to the external oscillator output so 
that the oscillator output control dial 
can be set to give a reference test power— 
usually 0 decibel (db) referred to 1 milli¬ 
watt. The variable attenuator permits 
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definite control of the reference test 
power. It has a range of 70 db in 1-db 
steps. 

Power Supply Circuit 

The power supply circuit includes a 
voltmeter and a potentiometer which are 
used to control the vacuum-tube heater 
current of the carrier units under test. 
This meter is also used to check the plate 
supply voltage. 

Switching Circuit for Channel 
Equipment Tests 

t Multisection rotary switches A and B 
set up the 36 different test circuits re¬ 
quired for testing the various types of 
message and program channel units and 


their subassemblies. Fig. 7 shows the 
principal features of switch A. Sections 
I and II and a part of section III are 
used to connect the sending lead through 
impedance transformation coils (or build¬ 
ing out resistance) to the proper test 
jack, depending upon the position to 
which the switch is turned. Sections III 
and IV connect the input and output of 
the loop-back amplifier as required. Sec¬ 
tions V and VI take care of one carrier 
supply and section VII, another. The 
receiving lead is connected to the proper 
jack terminal by section X. 

In general, switch A is used only to 
connect the test leads from the oscillator 
vacuum-tube voltmeter, loop-back am¬ 
plifier, and other test equipment to the 


unit under test. It does not set up any 
of the conditions of this test equipment. 
Switch B performs this latter function. . 

Fig. 8, a schematic drawing of most of 
switch B, shows that each position is 
used to set up tlie proper conditions of 
the test equipment for one or more 
tests. For example, sections I, II, and 
III set up the input conditions of the 
loop-back amplifier, depending upon the 
type of channel unit under test. Sec¬ 
tions IV, V, and VI determine whether 
the pulser will send a train of d-c pulses, 
or only a train of short and open circuits 
on the if lead. Section VII connects the 
per-cent break meter to the E lead, and 
sections IX, X, and XI put the proper 
termination on the receiving lead. vSeetion 

















Fig. 9. Tests on type- 
O carrier channel unit 
* signaling circuit 



set to give the correct test conditions for 
the various message channel units and 
their subassemblies. It will be noted 
that the switching circuit is simplified and 
made more flexible by making each switch 
perform a single function. For instance, 
transmission tests on the 0 and both 
types of N channel units (F or FA) re¬ 
quire position 10 only on switch A. The 
different conditions required in the test 
equipment are met by switch B. 

Fig. 9 shows the method by which 
switches A and B set up test conditions 
for the signaling circuit of an 0 carrier 
channel unit. Switch B, on step 7, con¬ 
ditions the signaling test equipment and 
connects it to the E and M leads. It 
also conditions the loop-back amplifier. 
Switch A, on step 10, connects the 3,700- 
cyde signaling supply to the keyer in the 


channel unit and also connects the carrier 
frequency supplies and loop-back ampli¬ 
fier to the channel unit. 

With the switches set as described, the 
test is under way. The 3,700 cycles into 
the keyer will be pulsed by the alternate 
action of the battery and ground on the 
M lead, stopping and restoring transmis¬ 
sion through the varistors in the keyer. 
Actual dial pulsing is thus simulated. 
The pulses’ 3,700 cycles are passed 
through the modulator, loop-back ampli¬ 
fier, and demodulator into the signaling 
receiving circuit where they operate the 
signal-receiving relay. The per-cent 
break meter circuit, now connected to the 
O carrier signal relay contacts by the E 
lead, is used to determine whether the 
pulsing relay faithfully follows the pulse 
applied at the M lead. 


Switching Circuit for Group, 
Repeater, Oscillator, and Filter 
Tests 

Switches C and D set up the conditions 
required for testing O, ON, and N carrier 
group repeater, oscillator, and filter 
equipment previously described. In gen¬ 
eral, the tests consist of gain (or loss) 
measurements. As in the case of the 
channel unit tests, one switch is used 
for making connections to the unit under 
test and the other switch is used for set¬ 
ting up the various conditions required 
for the test equipment. 

Fig. 10 shows actual wiring conditions 
for some of the transmission tests per¬ 
formed by switch C. It shows how the 
sending and receiving leads and the car¬ 
rier supply leads are connected to the 
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urements around the feedback loops of the 
amplifiers of N group units and of N and 
ON repeater amplifiers. It is inserted 
between the second-stage tube and its 
socket and permits the plate circuit to be 
opened and made accessible for measure¬ 
ments. 

Problem 8 Involved in Measurement 
of High Gain 

Crosstalk Problem Arising from 
Coaxial Shields of Sending and 
Receiving Circuits Tied Together 

. crosstalk problem concerns measur¬ 
ing about 55 db of gain at about 200 kc. 
For the measurement to be reasonably 
accurate, it is necessary that the crosstalk 
coupling between the output and input 
of the unit being measured (i.e., between 
the receiving and sending leads) be held 
to a loss of at least 75 db. 

Coaxial wire is used throughout the 
test circuit because, from a switching 


TO SWITCH "D"OF FIS.II 


standpoint, it is simpler to switch the 
conductor only and to complete the 
ground return paths by tying the coaxial' 
shields together, a complicated process 
because some carrier units employ certain 
jack terminals for input, or sending, cir¬ 
cuits, whereas other units employ the 
same numbered jack terminals for output, 
or receiving, circuits. For example, Fig! 
10, for switch C, shows how the sending 
section IV is cross-connected to the re¬ 
ceiving section XI, and other sections. 
Therefore, to complete the ground return 
paths from both the sending and receiving 
circuits to the particular jack, it is neces¬ 
sary that all of the coaxial shields in¬ 
volved be tied together in some manner. 

The problem is illustrated by Fig. 12, 
which shows how the sending and re¬ 
ceiving circuits would have common 
ground return paths if the coaxial shields 
were connected directly together. Since 
some of the receiving current would re¬ 
turn to ground through the sending circuit 
coaxial shields, the loss between these 
circuits would be very low. 

Further complications arise because 
switches, A, B, C, and D have a similar 
grounding problem and the ground re¬ 
turn systems of all four switches are inter- 



394 


TEST JACKS FOR GROUP AND FILTER UNITS 

Ffa. 10. Sending, receiving, and airier supply sections of switch C 

Banner-Servicing Center f„ Short-Haul Carrier Telephone Systems 


September 1954 


I 











connected by a common transmission- 
measuring circuit. In fact, the shields of 
almost all the coaxial leads must be tied 
together in some way. 

The problem of common impedance 
was solved by tying each end of each 
coaxial shields to a common ground point. 
The ground leads used to do this have 
grounded shields. Fig. 10, for switch C, 
gives an example of actual wiring condi¬ 
tions. The principles involved are illus¬ 
trated by Fig. 13 and are discussed in the 


SWITCH POSITIONS 



Fig. 12. Coaxial shields are tied together directly around switch contacts 


SWITCH POSITIONS 



Fig. 13. Coaxial shield return paths are completed through common ground 

point 


following: 

1. The principal source of crosstalk 
between the coaxial leads is caused by the 
capacitances between them. In Fig. 13 
all of these coupling capacitances are short- 
circuited by the ground leads to the com¬ 
mon ground point. It was found con¬ 
siderably more effective to tie both ends 
of the coaxial shields to ground, rather 
than just one end, because the coaxial 
shields have an appreciable resistance. 
Grounding both ends of the shields more 
nearly short-circuits the capacitances. 


2. Fig. 13 shows that the ground leads 
form the return path for much of the re¬ 
turn current. At the switch points they 
form the only path. Since these leads lie 
close together at the ground bus bar and in 
some of the cabling, it was found necessary 
to shield them, from a crosstalk standpoint. 
One end of each shield is grounded at the 
ground bus bar at the same point as the 
ground lead. The grounded shield reduces 
capacitive coupling between the ground 
leads, and the spacing between leads pro¬ 
vided by the use of shielded wire reduces 
electromagnetic coupling. 


3. The principal source of crosstalk 
between the sending and receiving circuits 
is attributable to the impedance of the 
common ground point provided by the 
bus bar. A section of bar about 2 l / 2 
inches long and 5/8 inch wide was used. 
It has 28 holes about 3/16 inch apart for 
connecting the 50-odd ground leads. A 
picture of the ground leads and bus bar is 
shown in Fig. 5. In tests where rigid 
crosstalk requirements have to be met 
the ground leads involved are brought 
together in a bus bar area about 3/4 inches 
in diameter. Thus, the 200-kc crosstalk 
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are 135 olSs tenninat ^ ^dances 

4. Since sending and receiving leads are 
common to all tests, the groundLg^yst^s 
for the various tests are closely related 
By bringing grounds from the common 

“ US t0 C ° 1 ? ro1 points on tbe bus bar, 
wL f + f! gr T nds are connected in such a 
way that, where high crosstalk loss re- 

£ u xr s h r, to be »*• tbe ?oUs 

involved are closely connected. To reduce 
1^1 congestion, the less important ground 

ESTS" - * 4 ^ fr0m the “»tn3 

toXtae'C P0I ” tS “ 

In the foregoing discussion no mention 
was made of crosstalk resulting from 
electromagnetic coupling. The pairing 
effect of each coaxial conductor and its 
shield was reduced by bringing the ground 
return current back through the ground 
leads rather than the coaxial shields 
thereby increasing the electromagnetic 
crosstalk. However, this crosstalk was 


found to be masked by that caused by 
the lack of a perfect common ground. 

Crosstalk Between Coaxial 
Conductors Caused by Capacitance 
Between Switch Contacts on the 
Same Section 

As was previously mentioned, Fig. 10 
shows that certain contacts of the sending 
section of switch C are also tied to various 
contacts on the receiving section, and vice 
versa. Since there is appreciable capaci¬ 
tance between contacts of the same 
switch section, there is some crosstalk 
coupling between the conductors of the 
sending and receiving leads. It was 
found that under the worst humidity 
conditions the loss between contacts on 
the same switch was 55 db at 200 kc, 
with 135-ohm impedance terminations at 
the contacts whereas the over-all cross¬ 
talk requirement is 75 db. 

This problem was solved by putting a 


pad between the point where the crosstalk 
occurs and the unit under test to reduce 
the effective magnitude of the gain being 
measured. A 30-db pad is used in the 
sending circuit for some tests and a 20-db 
pad in the receiving circuit for other 
tests. Additional sections on switch C 

not shown in Fig. 10, perform this func¬ 
tion. 
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Shaping of the Characteristics of 
Temperature-Sensitive Elements 

EDW NON D iK IAN J ■ S. SCHAFFNER 

nonmember aiee 


Synopsis: A method for shaping the 
characteristics of temperature-sensitive 
tW? entS ^ ? eSCnbed ' to « eth er with a prac- 
!J am ? le '. The P r °Posed method per¬ 
mits the shaping of characteristics of the 
temperature-sensitive elements in order to 

coufdY he f. e T ed form - Thi3 method 
could be applied successfuUy to any tem- 

perature-sensitive element providing that 
tiie coefficient of the temperature-sensitive 
element is larger than that of the desired 
char^tenstic, and that the characteristic of 
the temperature-sensitive element does not 
change with the applied voltage. 

■N RECENT years, temperature-sensi- 
■ tive elements have found many useful 
applications, particularly in the field of 
control devices. In general, these ele¬ 
ments are used in two ways: 1. in elec¬ 
trical systems, controlled by changes in 
temperature; 2. as means for the com¬ 
pensation of undesirable effects caused in 
electrical networks by temperature varia¬ 
tions. 

In general, the characteristics of the 
commercially available temperature-sensi¬ 
tive elements do not have the form that 
is required for a specific application, 
therefore it may be necessary to use the 
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temperature-sensitive element in combina- 
tion with a passive shaping network which 
will modify its characteristic so that it has 
the desired form. 

. In lowing a method for calculat¬ 
ing such shaping networks will be given 
However, this method can be applied only 
to the case where the temperature of the 
temperature-sensitive element is equal to 
the ambient temperature. This implies 
that internal heating (caused by cur¬ 
rent passing through tbe element) can be 
neglected. It is further assumed that 
tor a given ambient temperature the re¬ 
sistance of the elements is constant and 
therefore independent of the current pass¬ 
ing through them. 

In Fig. 1 , curve r^ T ) shows the tempera- 

Paper 54-269, recommended by the AIEF 
tromcs Committee and approved by tte A^l 

I9H ' 


ture characteristic of the temperature- 
sensitive element alone while curve Rr T ) 
shows the desired characteristic that must 
be obtained by using this element in com¬ 
bination with a shaping network. It is 
assumed here that the shaping network 
consists of linear resistances only and that 
the temperature coefficients of these re¬ 
sistances can be neglected. 

Temperature Sensitive Elements 

In the realization of the proposed 
method of temperature compensation, a 
number of temperature-sensitive elements 
may be used. Among these elements are 
special types of ceramic resistors, and 
thermistors. 

Ceramic Resistors 

These resistors are made of composi¬ 
tions with marked negative temperature 
coefficients, approximately 1 to 3 per 
cent per degree centigrade (C) at 25 C. 
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Fig. 1. Temperature characteristics of tem¬ 
perature-sensitive element and desired network 
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Fig. 2. Two typical resistance-temperature 
characteristics 
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Fig. 3. Temperature characteristics of com¬ 
mercially available resistance 


Fig. 2 shows the temperature-resistance 
characteristic of two commercially availa¬ 
ble ceramic resistors. It has been found 
empirically that these resistors obey an 
equation of the form 

R^R 0 e B ^~^ (1) 

In this equation, T 0 is the reference tem¬ 
perature in degrees Kelvin (for 25 C, 
l/To=0.003356), i?=the resistance at 
temperature T, i?o=the resistance at 
reference temperature, T equals tempera¬ 
ture of the resistor in degrees Kelvin, and 
B equals the temperature constant. A 
more convenient form of this equation 
for computation is 

Log|-°.4343 ”(|-^) (2, 

The value of the constant B varies with 
the resistivity of the composition and can 
be obtained from the curves supplied by 
the manufacturer. A typical value of B 
is a few thousand degrees Kelvin. 

The temperature coefficient a of these 
resistances can be calculated from equa¬ 
tion 1 


J_dR _B_ 
" Rdl " r* 


(3) 


A typical value for a at room tempera¬ 
ture is —3 per cent per C. 
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Thermistors 

The word “thermistors” applies to any 
resistor which changes its resistance with 
temperature. Usage, however, has limi¬ 
ted the term to resistors with negative 
temperature coefficients. Thus, the ther¬ 
mistor is a temperature-sensitive resistor 
consisting of a sintered combination of 
ceramic materials and various metallic 
oxides. The temperature coefficients of 
thermistors is negative and is of the order 
of 2.6 per cent per C at 20 C. Fig. 3 
shows the temperature characteristic of 
one of the commercially available ther¬ 
mistors, having a temperature coefficient 
of —2.7 per cent at 20 C. The resistance 
of these thermistors can be calculated for 
any given temperature using equations 1 
and 2. 


Shaping Network with Two and 
Three Fixed Resistances 


In Fig. 4(A) are shown two possible 
arrangements of shaping networks with 
two fixed resistors; Ri and R 2> and one 
temperature-sensitive element r. The 
total resistances R of these networks 
(measured between points A and B) is 


for Fig. 4(A) R 


R\Rz+(Ri -f- Ri) r 
R*+r 


(4) 


for Fig. 4(B) R 


RiRj-\-rRi 

■Ri+l?a+r 


(S) 


It should be noted that the variation of R 
with temperature will always be smaller 
than the corresponding variation of r 
alone, since the networks contain passive 
resistances in series and parallel with the 
temperature-sensitive element. It is also 
obvious than an increase in r( T ) will always 
cause an increase in R ^; and a decrease 
in r t a decrease in R( T ), Mathemati¬ 
cally this may be expressed as 

0<dR/dr<l (6) 

Equations 4 and 5 . are of the general 
form 


R ( T ) = 


a-\-br(T) 

C+T(t) 


(7) 


with positive coefficients a, b, and c. 
Geometrically this corresponds to rec¬ 
tangular hyperbolas of the form shown in 


Fig. 5. Rectangular hyperbola 



(A) (8) 


Fig. 6. Shaping networks with three fixed 
resistances R u R 2/ and R 3 



Fig. 7. The variation of R(T) as a function 

Of f(T) 


Fig. 5. This property will be used in the 
following discussion. Fig. 6(B) shows 
two possible arrangements of shaping net 
works with three fixed resistances Ri, 
Ri, and Rg and a temperature sensitive 
element r. 

The total resistance R of these net¬ 
works, measured between points A and B 
is 

for Fig. 6(A) R= 

RiRt+r(Ri-{-R2) 

l?il?s+J22l2»H-r(I2x-f-222+-R«) 
for Fig. 6(B) R= 

(RiRs+RiRr^-RiRg) +r(Jgx+J? 3 ) . . 

Ri+Ri+r ( ' 

The inequality, equation 6, holds for 
equations 8 and 9 and, likewise, their 
general form is that of equation 7. 

Criteria for Possible Shaping 
Arrangements 

If R( T ) is the desired temperature 
characteristic and r^>) the characteristic 
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Fig. 8. Undesirable characteristics 



BS 

1 

■ 

■ 

H 

■ 

■ 

l 

i 

■ 

n 

■ 

H 

81 

£ 

1 

■SSI 

S3S! 


rv gw 

temperature in *c 

Fij. 9. Resistance versus temperature charac¬ 
teristics 



4 6 8 

RESISTANCE IN K-ft. 


Fig. tO. The R(T)-T(T) characteristic 


of the temperature-sensitive element 
alone (see Fig. 1), then R(t) may be repre¬ 
sented as a function of r (T)l thereby elim¬ 
inating the temperature as variable. 
Fig. 7 shows such a characteristic in a 
plane with r (r ), as abscissa andi? (J .) as the 
ordinate. In the previous section it was 
shown that the relationship between j? (r) 
and r( T ) for shaping networks consisting 
r of two or tlree externally added resist¬ 
ed ances can be expressed by the equation 
of a rectangular hyperbola (equation 7). 

The asymptotes of this hyperbola are: 
R( t) equals b and r {T) equals - c. As may 
be seen, this hyperbola intersects the R m 
axis at a point A equals ajc and the r^ T ) 
axis at a point B equals a/b. The basic 
problem of obtaining a desired tempera¬ 
ture characteristic R(t) with a given tem¬ 
perature-sensitive element and a number 
of externally added resistances may now 
be reduced to that of approximating the 
curve of Fig. 7 by a rectangular hyperbola 
as shown in Fig. 5. 

A good approximation, however, is not 
possible in a number of cases. For exam¬ 
ple, this is true for the characteristic I of 
Tig. 8 since this characteristic has a nega¬ 
tive slope and for the characteristic II 
in the same figure since the latter is curved 
upward instead of downward. Curve III 
has a positive intersect with the r {T) axis 
and curve IV has a slope larger than unity. 

In all such cases, where the curve corre¬ 
sponding to a given T\ T ) and r( T ) cannot be 
approximated readily by a rectangular 
hyperbola of the type shown in Fig. 5, a 
new temperature-sensitive element with ' 
a different characteristic should be 
selected. ! 


2.9 k.n. 



Fig. 12. Actual shaping network 
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Fig. 13. Comparison of desired and actual 
characteristics 


Synthesis of Temperature-Sensitive 
Networks 

In the following"a method will be de¬ 
scribed for constructing a shaping network 
with a R (r) — r (T) characteristic that has at 



least three points in common with the de¬ 
sired characteristic. Since the charac¬ 
teristic of the shaping network is a hyper¬ 
bola and the desired characteristic may 
have a considerably different form, it 
may not generally be expected that the 
two curves have more than three points in 
common. 

To approximate a desired temperature 
characteristic in the R (T) -r (T) plane, 
three points on this characteristic must be 
selected. Then a rectangular hyperbola 
passing through these three points should 
be constructed. A graphical method for 
this construction is described in the Ap¬ 
pendix. The coefficients a, b, and c of 
equation 7 describing the hyperbola are 
determined by the co-ordinates of the 
origin of the hyperbola and its intersects 
with the abscissa and ordinate (Fig. 5). 

Knowing these coefficients, the ele¬ 
ments of the shaping network can be cal¬ 
culated, for example, by comparing 
equations 7 and 9. These two equations 
are identical if (see following equation) 
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Fig. 17. Method of graphical construction 


Fig. 15. Construction of R(d — r<T) charac¬ 
teristic 


o> a RiR*-}- RiR 3 -{- R^Ra 
b —Ri+Ri 

C = i?l+i?2 (10) 

The values of R lt i? 2 , and R 3 are therefore 

Ri= a \/bc—a 
Rt—c—Rj 

Rt^b-Ri (11) 

Practical Examples 

Fig. 9 shows an example of the two 
curves, one representing the characteristic 
of the temperature sensitive element 
alone, r( T )] the other the desired tem¬ 
perature characteristic R( T ). 

From these two curves, the characteris¬ 
tic in the R( T )—t( T ) plane may be obtained 
as shown in Fig. 10. As shown in the 
section, “Synthesis of Temperature-Sensi¬ 
tive Networks,” this curve should be ap¬ 
proximated by a rectangular hyperbola 
in order to obtain the necessary design 
information for the shaping network. 
In Fig. 11 three points of the R{t)— T(r) 
characteristic have been selected and a 
rectangular hyperbola passing through 



these points has been constructed. Tech¬ 
niques of this construction appear in the 
Appendix. The asymptotes of this hy¬ 
perbola are R<t) = 9.2M2 and t) — 
— 6.25 k£l, and the intersection with the 
R(t) axis is R( T ) = 2.9 kto. The coefficients 
a, b, and c of equation 7 are therefore 

18.4(&2)»; &=9.2&2, e=6.25&1 

For a shaping network as shown in Fig. 
6(B), the values of the resistances Ri, R 2 , 
and R s can be calculated from equation 
12 . 

Ri ==■ s/bc—a = 6.3kQ 

R2=‘C—Ri’»50Sl 

R»='b-Ri=2.9kQ 

Fig. 12 shows the complete network. 
The temperature characteristic of this 
network is indicated as curve I in Fig. 13. 
Curve II of the same figure represents 
the desired characteristic. Comparing 
the two curves shows that the approxima¬ 
tion is close. 

A case where r^ T ) and R( T ) are of dif¬ 
ferent orders of magnitude, is shown in 
Fig. 14. 

Fig. 15 shows the R &) — ?&) charac¬ 
teristic and the hyperbola approximating 
it. 

Appendix. A Method for 
Constructing a Rectangular 
Hyperbola from Three Given 
Points 

A rectangular hyperbola with the origin 
as the center is given by the equation 


If the center is at x equals *o» y equals yo, 
this equation is 

(x-x o )(y-y 0 ) =a 


Fig. 16. Rectangular hyperbola 


,-y,+-Z— »‘ . + l 0 - X *> (12) 

X—X(t X—Xd 

Fig. 16 shows such a hyperbola. In the 


following a method will be given by which 
the hyperbola can be constructed, and in 
particular the point jc 0 yo found if three 
points of the hyperbola (for example A, B, 
and C in Fig. 1) are known. Let the co¬ 
ordinates of A, B, and C be Xiy u xtya and 
Xayt respectively. 

First it shall be proved that the line con¬ 
necting the points jE and D of Fig. 17 
passes through the point x 0 , y 0 , where E and 
D have the co ordinates y&i and y&a 
respectively. 

The equation of this line is 

(ya-yi) (*-**) 
y=>yi- 

X%—X\ 

If yi and y 2 are replaced by 

. • 

yi=yo-f- 



Fig. 18. Construction of intersection with y- 
axis 
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Fig. 19. Construction of hyperbola 
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X 3 —X 0 

there results 


fore xoyo. 

** optical construe- 
1° of the mterseetjon point of the hyper¬ 
bola with the y axis is given. (See Fig. 18) 

boWvwT' 1116 intersection of the hyper¬ 
bola with the y axis should be found. First 

a parallel to the a; axis is drawn through the 
Then a line is drawn from 
Xoyo through the intersection of the y axis 

ff dtbl . S para ! I( f A rectangle with this line 
a diagona 1 ls then constructed as indi¬ 
cated m Fig. 18. The comer B of Ms 

Stte I ^L tate!eCti0n hyperbol!l 

If tiie asymptotes and at least one point 
£of a hyperbola, are known then further 
points can be constructed by the method 


y=*yo+ 


a(x—xo) 


(Xl—Xo)(X 2 —X 0 ) 


(13) 


(lotted line 

Of Fig. 17 therefore passes through the point 
x 0 , y 0 . 

The method of construction of the point 
*.”£• y m * fr° m three points A, B, and C 

frnl e T? yP ^° Ia baSed on 11118 is °bvious 
from Fig 17 where two rectangles are 
constructed using the known points A, B 
aad C as comers. The two diagonals of 
these rectangles must both pass through 


XT — 






----- “ J-y. a line is draw 

through pomt Q intersecting both ajZ 
totM m poutts AT and M . A ^ JJg 

r, tbe hyperbola can then be found b 
locating a point P on the line so that J>j 
eqnais Additional poin “^*" 

found by the same methods by drawing { 
thr ° Ugh Q (or p ) “sing tin 

p^^r^. (see - 
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Application of Toll Dialing in 
P cnnsylvania 


A. L. CHARNy 

NONMEMBER A1EE 


pLANS for mechanizing the handling 
■ of long-distance telephone calls, 
using common control equipment to ob¬ 
tain improved quahty of service and econ¬ 
omy of operation, were initiated in 1941 
and the first installation of this type was 
made at Philadelphia in 1943.* SspT 
of the delays occasioned by the war, sub¬ 
stantial progress has since been made in 
this project which affects nearly every 
phase of telephone operation, so that by 
1954 more than 50 per cent of all long¬ 
distance calls in the United States are 
bemg completed on a mechanized basis. 
Many technical articles have been writ¬ 
ten describing the general plan for mech¬ 
anization, as well as specific parts. 2-7 
This paper is intended to cover the prob- 
!ems involved in applying the nation¬ 
wide chahng plan to the territory operated 
y The Bell Telephone Company of 
Pennsylvania. It should be clear, how¬ 
ever, that the independent telephone 
companies which operate a large part of 
the area of the State of Pennsylvania are 
participating in these plans. 


tomers will dial their own station-to- 
station calls, but the operators will con¬ 
tinue to handle person-to-person calls, 
collect calls, calls from coin telephones, 
and calls involving quotation or transfer 
or charges. 


Objective 

The objective of the nation-wide dial¬ 
ing plan is to enable every long-distance 
operator and eventually every telephone 

as is now 4 ? 8 ^ ?“ ada by just 

as is now done on local calls. The cus- 

400 


Dual Problem in Telephone 
Connections 

Each dial telephone connection pre¬ 
sents a dual problem. The originating 
end must be furnished the means of signal¬ 
ing the outward operator or outward auto¬ 
matic equipment; the incoming end must 
be furnished the means of receiving in¬ 
ward signals and eventually ringing the 
called telephone. This duality exists in 
all parts of telephone equipment, the 
simplest illustration being the telephone 
set, where the dial is the outward signal¬ 
ing mechanism and the ringer is the in¬ 
coming signaling device. This fact al¬ 
lows the separation of the problem of 
mechanization into an outward and an in¬ 
ward component and permits orderly and 
economical progress in one direction with¬ 
out necessarily affecting the other. At 
an illustration, the central office at West 
hester, Pa., is manual and inward calls 
are completed manually by an operator, 
but on outward calls the West Chester 
toll operators use dials at their toll posi¬ 
tions to complete calls directly to stations 
throughout the United States. The re¬ 
verse situation may exist where auto- 
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matic selectors are installed to receive in 
coming dialed calls, whereas outwan 
calls are still being handled on a ringdowi 
basis without dialing. 

The most important application of thi; 
principle occurs in connection with the 
introduction of customer dialing of long¬ 
distance calls. At the time the centra] 
office is equipped for customer dialing the 
users are furnished with a Hst of points 
which have been equipped to receive in¬ 
coming dialed calls from customers and 
they are instructed to dial these points in 
accordance with the nation-wide plan, 
there are at present about 21,000,000 
stations in the United States equipped for 
receiving inward customer dialing, but 
only 42,000 stations are equipped for out¬ 
ward customer dialing, although rapid 
expansion of this method is contem¬ 
plated during the coming years. 

In Pennsylvania there were, as of 
January l, 1954, about 2,440,000 dial 
telephones, of which 1,847,000 are ar¬ 
ranged to receive customer dialing. The 
number of telephones served by outward 
operator dialing is about 2,600,000. Of 
these, 13,000 telephones in the Valley 
central office in East Pittsburgh are 

equipped to dial their own long-distance 
calls. 

Prerequisites for Nation-wide 
Dialing 

In addition to the local automatic 
equipment itself the following arrange¬ 
ments are essential for successful nation¬ 
wide dialing: 

Paper 54-273, recommended by the AIEB On™ 

b J the AIEE Committee on Technical 
Md SS r Presentation at the AIEE Summer 
J^e 21-25 log? ™ eetiag : Los An « eles . Calif., 
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1. A nation-wide numbering plan. 

2. A system of switching centers. 

’3. An interconnecting network of circuits. 

The first two of these arrangements will 
be discussed with respect to their applica¬ 
tion in Pennsylvania. 

Nation-wide Numbering Plan 

Present Conditions 

The existing numbering plans were dic¬ 
tated by the economies of local dialing; 
as a result they generally vary in accord¬ 
ance with the size of the city, beginning 
with the familiar 2 letters (L) and 5 
numerals (N) in the large cities, 5 numer¬ 
als or a mixture of 5 and 4 numerals in 
the intermediate sized cities, and down 
to 3 numerals in the smallest towns. 
Other numbering plans use 2 letters and 
4 numerals, 1 letter and 5 numerals, etc. 
Operator toll dialing was planned to fit 
into the existing telephone numbering ar¬ 
rangements on the assumption that it is 
more economical to instruct the operators 
to distinguish among the various tele¬ 
phone station designations than to con¬ 
vert them all to a uniform system. By 
means of directions printed on a toll 
switchboard bulletin, one sheet in the 
case of a small office, or a loose-leaf book 
for -the larger offices, the operators are in¬ 
structed as to the digits which must be 
dialed to reach the called telephone. A 
few entries from the Allentown, Pa., toll 
switchboard bulletin illustrate the variety 
of instructions necessitated by the num¬ 
bering plans at the distant cities. 


Destination 

Route 

Akron, Ohio. 

.. .Pittsburgh+042 +2L+(4) 
or (5) 

Minneapolis, Minn... 

...Pittsburgh+612+2L+ or 
3L+ 

State College, Pa. 

... Harrisburg+037-f-8 +• 

York, Pa. 

... Philadelphia -f- 143+ 


To reach a number in Akron, Ohio, the 
Allentown outward operator plugs into 
an idle trunk to Pittsburgh. The + sign 
indicates that the code following it should 
be dialed. In this case the code 042 will 
reach an idle trunk from Pittsburgh to 
Akron and the subsequent dialing of 
2L+4N or 2L+5N will complete the 
call to the Akron number. The Minne¬ 
apolis entry illustrates a mixture of 
2L+4N and 3L+4N in the same city. 
The entry for State College, Pa., illus¬ 
trates a call dialed to a tributary office 
reached via its toll center. The code 037 
via Harrisburg reaches Bellefonte, Pa., 
which is the toll center and the code 8 


switches at Bellefonte to State College. 
To reach York, Pa., the operator selects a 
trunk to Philadelphia and dials 143 and 
the 4- or 5-digit number listed in the 
directory. 

The justification for the continuation 
of this method lies in the need for post¬ 
poning the large costs of converting the 
existing central office equipments to the 
standard numbering system, i.e., 2 letters 
and 5 numerals. However, even with the 
training given to toll operators and the 
instructions available through the switch¬ 
board bulletins, the desirability of simpli¬ 
fication is apparent. With customer dial¬ 
ing this becomes an absolute necessity. 
This simplification has been achieved with 
the nation-wide numbering plan and the 
use of destination codes. 

Proposed Numbering Plan 

Under the nation-wide numbering plan 
the United States and Canada are divided 
into areas, one or more for each state, 
each of which is assigned a 3-digit code 
with a 0 or 1 as the middle digit. Each 
central office within an area is assigned a 
code consisting of 2 letters plus 1 digit. 
The two letters are derived from the ini¬ 
tial two letters of the office name and the 
digit is assigned arbitrarily from 1 to 9. 
The combination of the 3-digit area code, 
the 2-letter 1-digit office code, and the 4- 
digit customer telephone number consti¬ 
tutes the destination code which is to be 
dialed by operators and customers to 
reach the called telephone. For calls to 
points within the home area, the area 
code is not required. The telephone dial 
is lettered ABC to WXY, corresponding 
to digits 2 to 9. By using these eight pulls 
for the first two letters and the digits 1 
to 9 for the third pull, 576 office codes are 
available theoretically for each area. 
However, to avoid names which create 
difficulties in spelling and pronunciation, 
a standard list containing about 300 
names was established from which all 
new central office names are to be selected 
and to which existing names are to be 
converted as rapidly as practicable. Ac¬ 
cordingly, 350 to 400 central office codes 
are the practical maximum for an area, 
taking into consideration the limited 
multiple use of the same names, the pro¬ 
vision for future growth, and the desira¬ 
bility of natural geographical boundaries. 

Application of Nation-wide 
Numbering Plan in Pennsylvania 

The application of the nation-wide 
numbering plan in Pennsylvania is an 
engineering problem of large magnitude. 
As the first step studies were made to 
determine the economical number of , 


Table I. Numbering Plan Areas—Pennsyl¬ 
vania and Delaware 


Area 

Area 

Code 

Ultimate 
No. of 
Codes* 

Philadelphia, Eastern Penn- 

sylvania, and Delaware. 

..215... 

... 330 

Central Pennsylvania. 

..717... 

... 381 

Northwest Pennsylvania. 

..814... 

... 271 

Pittsburgh and Western Penn- 

sylvania. 

..412... 

... 384 

Total. 


...1,366 


♦Includes independent company central offices. 


numbering plan areas and their bound¬ 
aries. The larger the number of areas, 
the easier the assignment problem, but 
the more onerous the problems which 
arise from the need for simple instruc¬ 
tions for cross-boundary dialing. Table I 
shows the arrangement finally adopted for 
the State of Pennsylvania. 

In addition to being included in the 215 
area to permit cross-boundary dialing on a 
2L+5N basis from Philadelphia and 
Eastern Pennsylvania, the State of Dela¬ 
ware has been assigned a code of its own, 
code 302, to be used in the completion 
of dialed traffic from other parts of the 
United States. 

Progress in Conversion to Ultimate 

Numbering Plan 

The nation-wide numbering plan was 
definitely formulated in 1949 and the 
application in Pennsylvania began soon 
thereafter. Fortunately, the ensuing 
period was one of rapid growth, which de¬ 
manded large additions to many central 
offices and provided opportunities for 
economical introduction of 2-5 number¬ 
ing. 

In 1949 Philadelphia was the sole 2-5 
area. Pittsburgh, Allentown, Bethlehem, 
Scranton, Wilkes-Barre, Norristown, New 
Castle, and New Kensington are among 
the larger exchanges which have been 
converted since that time. Plans have 
been initiated for the conversion of the 
great majority of the remaining offices 
to obtain 2-5 numbering for most of the 
3,000,000 telephones in Pennsylvania by 
the end of 1957. Table II shows the 
progrp°s *o date. 

Table II Progress in Conversion to 2-5 Plan 
in Pennsylvania 


- Telephones 


Jan. 1 on 2-5 Basis 


1949. 704,000 

I960..... 1,059,000 

1951 . 1,210,000 

1952 . 1,417,000 

1953 .;.1,630,000 

1954 .;.1,847,000 
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Table III. P,ogres* |„ Outward Operator 

Dialing in Pennsylvania 


No. of Toll 
Operating Centers 

No. Converted for D«»H«e 

1954 Ultimate 

-equipped 
with dials 

Equipped with 
Key Pulsing 

in... 

.66. 



Standard Central Office Names 

While the major effort in seeking ad- 
erence to the nation-wide numbering 
plan has been in the direction of changing 
to 2-5 numbering, the matter of the cen¬ 
tal office names has been given a great 
dea! of attention. Beginning in 1951, 
offices converted from manual to auto¬ 
matic operation and automatic offices 
converted to 2-5 numbering have been 
assigned central office names from the 
standard list. From the standpoint of 
the telephone company the conversions 
involve only technical changes: recasting 
the slugs for printing the directory, 
changing the telephone number card, 
changes in the records, etc. For the 
customers it involves a profound change 
m their telephone calling habits, and a 
peat deal of instruction and persuasion 
is necessary to obtain a satisfactory ac¬ 
ceptance. A fundamental plan has been 
made for the eventual conversion of all 
the existing central office names in Penn¬ 
sylvania. Up to the present 129 central 
office units out of a total of 590 have been 
named from the standard list. 

Equipment at Terminals 

Equipment at Calling End—Operator 
Dialing 

With operator dialing, the equipment 
at the calling end includes a means for 
sending out the signals corresponding to 
the digits required for the completion of 
the call. While the term “dialing” has 
been used to describe this process, actually 
it is quite common to substitute for the 
dial a keyboard, similar to that used in 
an adding machine, which is capable of 
sending ten combinations of two tones 
one for each digit. There are many ad¬ 
vantages to be obtained from the multi¬ 
frequency pulsing scheme, including a 
saving of operating time and toll-line 
time. For new switchboards and for con¬ 
verting existing manual switchboards, 
multifrequency key pulsing equipment is 
more economical than dial equipment; 
for switchboards equipped at present with 
dials, conversion to key pulsing may be 
economical if a large proportion of the 
originating traffic is to offices equipped to 

receive multifrequency pulses. 


Table III- shows .the progress of out¬ 
ward operator dialing in Pennsylvania. 
The number of toll centers in the ultimate 
as well as the present has been shown to 
give a true picture, since discontinued 
operating centers will not usually be 
converted. 

Equipment at Calling End—Customer 
Dialing 

The dial of the telephone instrument is 
satisfactory for sending out the pulses 
necessary for customer dialing of toll 
calls. The main problem at the callin g 
end is to supply a means for automatic 
timing and charging. The recently de¬ 
veloped crossbar central offices are 
equipped with locally installed common 
control apparatus which accomplish this 
purpose, using coded perforated tapes 
which are processed at an automatic ac¬ 
counting center to bill the customers. For 
the step-by-step and panel central offices, 
centralized tape-perforating equipment 
has been developed to time and charge 
for customer-dialed toll calls. For the 
present, identification of the calling cus¬ 
tomer is accomplished by calling in an 
operator who obtains the calling number 
verbally and pulses it into the charging 
equipment. ' 

At present there are 19 central offices 
in Pennsylvania equipped for local auto¬ 
matic charging of customer-dialed calls, 
but the telephone users in all but one of 
these offices are dialing toll calls to a re¬ 
stricted area. These offices can be con¬ 
verted to nation-wide customer dialing 
at a comparatively small investment per 
office, but it is not practicable at this 
time to tie them into the nation-wide net¬ 
work. Thus far only the Valley central 
office, comprising 13,000 telephones, has 
been equipped, and the customers have 
been dialing to points throughout the 
nation since December 1953 with satis¬ 
factory results. 

Plans have been completed to intro¬ 
duce restricted customer dialing on the 
centralized charging basis in Philadelphia 
beginning in 1954 and in Pittsburgh in 
1955. This method of operation will be 
extended to the other central offices as 
rapidly as warranted by engineering and 
service considerations. The geographical 
area covered will be extended subse- 
quantly to embrace the entire country. 

Equipment at Incoming End 

> The equipment which has been pro¬ 
vided at the incoming offices to complete 
local dialed calls may also be used for 
completing operator- and customer-dialed 
toll calls, although a separate toll-com¬ 
pleting train is usually provided in the 


larger offices. On the other hand, the in¬ 
coming toll selectors in step-by-step offices 
and their counterparts in panel and cross¬ 
bar equipment, which must be installed 
at the toll centers to receive operator- 
and customer-dialing pulses, constitute 
one of the principal items of cost in the 
toll-dialing system. The progress in 
Pennsylvania to date on inward toll dial¬ 
ing is shown in Table IV. 

Toll-Switching Points 

General Requirements 

A large percentage of the toll calls in¬ 
volve connections on which it isuneconom- 
ical to provide toll lines which directly 
connect the originating and terminating 
toll centers. A system of toll-switching 
centers must be provided which is in eco¬ 
nomic balance with the toll-line network, 
resulting in a minimum combined cost 
for outside plant and equipment. A 
general Bell System toll-switching plan 
had been established which was satisfac¬ 
tory for manual operation. For dial 
operation two steps were taken on a Bell 
System basis, development of the switch¬ 
ing equipment, and establishment of a 
toll-switching plan suitable for both 
operator and customer dialing. 

The application in Pennsylvania is of 
special interest from several standpoints: ■ 
Philadelphia was the site of the first cross¬ 
bar toll-switching system, installed in 
1943; the first system incorporating the 
newly developed card translator/which is 
an essential requirement for routing toll 
calls dialed on a destination code basis, 
was installed in Scranton in 1953; with 
the completion of the Harrisburg equip¬ 
ment in 1955 Pennsylvania will be the 
first state, requiring more than one switch- 
ing point, to complete its program. 

Dial Toll-Switching Plan in 
Pennsylvania 

The dial toll-switching plan in Pennsyl¬ 
vania is shown graphically on the map of 
Fig. 1. The principal switching points 
are Philadelphia, Pittsburgh, Scranton, 
and Harrisburg. The map also shows 
the two subsidiary switching points at 
Altoona and Warren which it is planned 


Table IV. Progress in Inward Toll Dialing in 
Pennsylvania 


Number of Inward Toll Number of Toll 
--- Centers___ Lines, 1954 

Equipped Equipped 

for Inward for 

1954 Ultimate Dialing Total Dialing 

78......48.... 35 .16,000. ...11,400 
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Fig. 1. Toll switching points, homing arrangements, and numbering plan boundaries for state ol 

Pennsylvania 

never needed again. Because it was in- reach its maximum capacity in 1954 with 
stalled at a time when toll-line dialing was the installation of the seventh addition. 


to establish around 1957. The ultimate 
toll centers, which are also centralized 
automatic message accounting centers, 
are shown and their “home" switching 
points are indicated. Numbering plan 
areas, which have been made to coincide 
with the boundaries of the homing areas, 
have been added to complete the picture. 
The salient features of each of the switch¬ 
ing points will be described in chronologi¬ 
cal order. 


comparatively new, it was necessary to in¬ 
corporate into the system a switchboard 
which would do the dialing for the distant 
ringdown points. The near-by outward 
switchboards had been converted to dial¬ 
ing prior to the no. 4 cutover, but the 
more distant points did not have suffi¬ 
cient traffic to and through Philadelphia 
to warrant the large expenditures in¬ 
volved. Subsequent installations begin¬ 
ning with the New York no. 4 in 1948 
did not require this switchboard to obtain 


The system has fufilled all the expecta¬ 
tions of its designers with respect to both 
service and economy. For 5 years, be¬ 
cause of governmental limitations on Bell 
System production, it was the sole 
example of its kind. Today it has 25 
companions in the Bell System, with 
many more to come. A comparison of its 
present and 1943 status is shown in 
Table V. 

Toll-Switching Equipment at Pittsburgh 


Toll-Switching Equipment at 

Philadelphia 

In the early 1940’s the problem of toll 
switching in Philadelphia, aggravated by 
the large increase in toll traffic caused by 
the war effort, became very acute. After 
considerable study it was decided to in¬ 
stall the newly developed no. 4 toll¬ 
switching equipment which employed as 
its basic element the crossbar switch, 
already used successfully in local equip¬ 
ment. Another important feature bor¬ 
rowed from the local equipment was the 
“marker" which concentrated within it 
the functions of control required for con¬ 
nection. The installation was completed 
in the summer of 1943, the cutover taking 
place on August 21 of that year. 

This first edition of the no. 4 system 
had one piece of equipment which was 


a substantial load for the automatic equip¬ 
ment and the traffic from ringdown 
points continued to be handled at the 
old manual inward and through switch¬ 
boards. 

The initial no. 4 project provided ter¬ 
minations for 2,200 intertoll trunks, of 
which 55 per cent were dial and the re¬ 
mainder ringdown. In 1943 dial trunks 
were limited in length to 250 miles be¬ 
cause of the inability of the toll-line facili¬ 
ties to transmit dial pulses or supervisory 
signals beyond this range. While multi¬ 
frequency receiving equipment, installed 
here for the first time, removed the pulsing 
limitation, the supervision limitation still 
remained until the development of voice- 
frequency signaling equipment 4 years 
later. Under these conditions Richmond, 
Va., was the furthest dial point. 

The Philadelphia no. 4 system will 


In 1949 a crossbar tandem system was 
installed at Pittsburgh for switching 
short-haul toll traffic on a dial basis. 
With this exception, inward, outward, and 
through toll traffic was handled with the 
manual ringdown method at the down¬ 
town toll switchboards. Intertoll trunks 
were terminated in the downtown out- 


Table V. Status of Philadelphia No. 4 
System 



At Cutover 
Aug. 21, 1943 

1954 

Total number of trunks.,. 

... 2,229.... 

. 4,050 

Number of dial trunks.... 

.... 808.... 

. 1,600 

Number of multifrequency 

trunks..... 

194 


Number of messages ban- 



died per day.. 

....60,000_ 

.156,000 

Number of switchboard 

positions required.. 

32.... 

11 
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ward and through boards to the r 
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° f the interstate traffic StS! ^_“ - the «tward switchboard 

0+ U A—J-t__ « 


r ^ -*^^uaiu mstauea 

+ 11 V 0r f the purpose of terminating the 
toll lines for which there was no room at 

e regular toll positions. By 1949 relief 
was urgently needed and it was decided 
to proceed with mechanization, using an 
intermediate system which the Bell 
Laboratories had recently developed for 
installation at Albany, N. Y., without 
waiting for the final development, which 
could not be obtained until 1953. It was 
foreseen that this intermediate system, 
designated the Advance 4A (A4A), would 

^ expenditures soon after 
installation for the modifications re¬ 
quired to obtain all the operating features 
essential to nation-wide dialing. How¬ 
ever, studies indicated that the economies 
realized at both Pittsburgh and the dis- 

tant toll rpnfzw-pi j 


. -—xx«, OD well as 

mterstate traffic and originates a large 
amount of toll traffic in its own area. 

A contributing factor was the unsatis¬ 
factory layout of the Scranton outward 
toll switchboards which occupied three 
separate locations. Continuation on a 
ringdown basis would have required 
costly and short-lived additions and re¬ 
arrangements. 

By the time this project was scheduled 
the complete design for the 4A system was 
available and upon cutover on May 16, 

1953, Scranton became the first toll office 
to be properly equipped for full nation¬ 
wide operation. About 900 intertoll 
trunks were installed, of which 85 per cent 

icauzea at noth Pittsburo-ii an/i j- Wefe automa tic. The Scranton eauiD- „ a ^ 
tent ton centers would more ™ tte &st s y stem to make ule of ° f nation-wide dialing 

these losses. Accordinriv an' + « the newly developed transistor and photo- « f junction point of importanl 

of A4A equipment wi^eW^ansistor in the card translator forrout- ^ toU Cable routes h P rovid ec 

— • - ngmeered and mg purposes. Advantage was taken of ^ conomical and diversified toll-line facili- 

this 4A feature to introduce a substantial 


e . .. . -s>v) liisumation 

Of A4A equipment was engineered and 
cut into service July 1, 1951 

In fanning for foil mechanization 
Pittsburgh was designated a regional 
ccn er to serve as the major swit ching 
point for a large portion of the traffic be¬ 
tween the East and the West. The de¬ 
velopment of voice-frequency signaling 
since he Philadelphia project permitted 
the establishment of dial intertoll trunks 
to all major switching points in the 
country. The A4A was equipped for 
about 3,000 intertoll trunks of which two- 
thirds were dial-operated and appeared 
only on the crossbar system. The other 
one-third, which remained ringdown, was 
left on the downtown switchboards and 
multiply to the outgoing crossbar 
switches for outward operation. The in¬ 
ward and through toll boards were com¬ 
bined and reduced to serve the remaining 

incoming ringdown traffic. The outward f ;- ■* *-« *<=- 

toU switchboards were modified for multi- with a new mod^ sw . itchboaTds 

frequency key-pulsing 7 “ modern board equipped with 

The Pittsburgh system has grown S P T"? g designed to haadle the 

pidly since its cutover in 1951 § Toll dd f^ ed t^ 0 ^ traffic as well as the re- 

_* . teLuvcr in lyoi. loll maininer rtnadnnr*. ™ . . 


v,/. uuiwwu switcnDoards 
at Harrisburg and the near-by toll centers: 
Allentown, Reading, Lancaster, etc. As 
other near-by toll centers were converted 
to automatic operation and Pittsburgh 
and Scranton as well as neighboring out- 
of-state cities were equipped with no. 4’s 
it became necessary to expand the Harris¬ 
burg automatic through-switching instal¬ 
lation at a rapid rate. 

Studies made in 1950 on a fluid plant 
basis indicated that Harrisburg had a 
number of qualifications for a 4A installa¬ 
tion: as the capital of the State of 
Pennsylvania it was a substantial source 
of toll telephone traffic; its central loca¬ 
tion made it an ideal switching center 
under the concept of nation-wide dialing; 
and as the junction point of important 


-- a ouusiairuai 

amount of alternate routing. In this 
plan direct trunks to toll centers homing 
elsewhere are established on a high- 
usage basis, with the overflow being 
routed oyer liberally, engineered trunk 
groups via the home'switching point. 
Similarly, the toll centers homing on 
Scranton may have high-usage groups 
from distant 4A centers with the overflow 
routed via the Scranton equipment. By 
1953, transmission techniques had im¬ 
proved to the point where delayed 
through switching for the 4-wire circuits 
could be handled satisfactorily with 2- 
wire cords, and toll-line provision had be¬ 
come so liberal that the amount of de- 
ayed switched traffic had been substan¬ 
tially reduced. Accordingly, the dial 
conversion was accompanied by the re¬ 
placement of the existing switchboards 

With d nour 1 __ < • 


rapidly since its cutover in 1951. Toll 
growth has been high; as an additional 
factor, a substantial amount of through 
switching was transferred to it from other 
manual points now that the capadtv was 
available. It became apparent that con¬ 
version to 4A, with its full nation-wide 
switching features, should not be post- 
poned Accordingly, this was combined 
with the engineering of the second addi¬ 
tion and completed in March 1954. The 
office now has grown from 3,000 to 4,200 
intertoll trunks. 

Toll-Switching Equipment at Scranton 

Scranton was selected as the third loca¬ 
tion in Pennsylvania for installation of a 

404 


« , , -—uj.c re- 

maining nngdown traffic. This is a de¬ 
parture from the procedure followed at 
both Philadelphia and Pittsburgh, where 
the old switchboards were left in place 
and modified for outward dialing and 
where especially designed new switch- 
boards using 4-wire cords, were installed 
to handle delayed through traffic. 

Toll-Switching Equipment at Harrisburg 

—5™ prior t0 the installation of the 
Philadelphia no. 4 system in 1943 a 
step-by-step toll train had been estab¬ 
lished in Harrisburg for switching be¬ 
tween toll centers in central Pennsylvania. 
This was the first venture into intertoll 
dialing in Pennsylvania and involved sub- 
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ties. 

. Tbe problem confronting the engineers 
m this case was a fairly common one: 
At what point is it economical to discard 
working equipment giving satisfactory 
service in favor of a new instrumentality 
whose coming appears inevitable? It 
was complicated by the need to determine 
tie effect of the conversion at Harrisburg 
on the 90 offices which connect with it. 
The economies in operation due to sup¬ 
planting the ringdown method were not 
available in this case. Nevertheless, the 
advantages of common control equip¬ 
ment, alternate routing, multifrequency 
pulsing, and other features of the 4A 
equipment, coupled with the large cost 
involved in expanding the step-by-step 
installation to meet the expected growth, 
resulted in a decision to proceed with the 
installation of a 4A system at Harrisburg 
for service on December 1,1955. 

In engineering the Harrisburg 4A sys¬ 
tem every effort was made to conserve the 
investment in the existing equipment. 
Inward toll lines which carry only ter¬ 
minal traffic to the Harrisburg area will 
remain on the step-by-step selectors, 
familiarly, some outward terminal trunks 
will be retained in the switchboard mul¬ 
tiple. The existing toll switchboard at 
Harrisburg wll be left in place, except 
tirat the present dial-pulse equipment will 
be converted to key pulsing. 

Floor space of the proper strength and 
height is available in the present building 
on floors now occupied by office forces, 
pie initial design will care for 1,500 toll 
lines of which 88 per cent will be auto¬ 
matic and the remainder ringdown. The 
layout is engineered to permit a threefold 
increase without expensive rearrange- 
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of the business, between 1941 and 1954 
the number of girls operating toll switch¬ 
boards in Pennsylvania has increased from 


mate the time at about 10 years. Plan- 


ments. This has been done to f acil itate 
the eventual upgrading of Harrisburg from 
its initial status to a higher rank of 
switching center, if future conditions 
warrant it. 

Costs 

The Bell System investment in equip¬ 
ment installed for toll dialing in Pennsyl¬ 
vania to date is on the order of $35,000,000. 
About $12,000,000 are invested in the no. 
4 systems and the remainder in step-by- 
step equipment, new switchboards and 
modifications of existing installations, 
automatic message accounting equip¬ 
ments, signaling circuits, etc. Each in¬ 
stallation was justified on its own merits 
and as part of the over-all arrangement 
from the standpoint of service improve¬ 
ment and economy. The economy has 
•come mainly from the reduction in traffic- 
operating labor, yet toll mechanization 
lias not brought with it any problems of 
•disposal of excess operating forces. On 
the contrary, because of the rapid growth 


5,000 to 10,500. Mechanization has per¬ 
mitted better service at a cost which has 
increased substantially less during this 
period than the great majority of other 
services and products. 

Conclusion 

The project of toll mechanization in 
Pennsylvania, originally formulated in 
1941, has increased in quality and scope 
over the intervening years to its culmina¬ 
tion as a program for nation-wide cus¬ 
tomer dialing. Throughout these years 
Pennsylvania has been in the forefront in 
applying the Bell System developments in 
this field. The great majority of the 
problems involved have been solved or are 
near solution and a successful trial is in 
operation at one central office. No date 
has been set for reaching the goal of full- 
scale customer dialing in Pennsylvania, 
but no great optimism is required to esti¬ 


mng with this goal in mind and achieving 
the results up to the present have been 
the work of many prople who have pains¬ 
takingly fitted new pieces into the exist¬ 
ing structure without impairing its day- 
by-day operation. 
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Precision High-Current Computer 
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T HE increasing size and complexity 
of analogue and digital computers 
has resulted in an ascending demand for 
expanding quantities of well-regulated 
and filtered d-c power. As the machines 
have grown in size the regulated power 
demands have gone from milliamperes to 
amperes, to tens of amperes, and now to 
hundreds of amperes. These increased 
loads have been supplied by various meth¬ 
ods, most of which offered compromises 
with desired performance. 

With the present-day trend toward 
computer packaging, component minia¬ 
turization, and the intensified search for 
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reliable maintenance-free components, 
the power supply has often proved to be 
the weakest link in the system. D-c 
sources which are adequate at a few am¬ 
peres are swamped at tens of amperes, 
while conventional high-current supplies 
have excessive bulk or maintenance. 

This paper describes high-current pre¬ 
cision d-c power supplies which have been 
developed to meet the requirements of 
modern computers. The power supplies 
are unique in that for the first time a high- 
current magnetic-amplifier-controlled 
selenium rectifier has been produced 
with the response and electrical perform¬ 
ance of the conventional electronic sup¬ 
ply and yet possessing the mechanical ad¬ 
vantages and life of the magnetic-ampli¬ 
fier-selenium rectifier. Results are pre¬ 
sented of tests conducted upon supplies 
constructed for the large model -!07 digital 
computer developed by the Computer Re¬ 
search Corporation for the U. S. Bureau of 


Aeronautics. This computer is to serve 
as a central clearing house and perpetual 
inventory for all of the spare parts of the 
Bureau. 

Power Supply Requirements 

The basic computer power supply re¬ 
quirements are economic. The cost of 
“down time” is frequently prohibitive. 
The need for complete dependability and 
freedom from any maintenance or serv¬ 
ice is ever present and ever increasing. 
The ideal power supply would be a sealed 
unit, completely static, with a service-free 
life of 10 to 20 years. The power sup¬ 
plies to be described approach these cri¬ 
teria and are expected to require little 
more than yearly servicing. 

With increasing frequency, costs are 
dictating mechanical requirements. The 
trend in mechanical computer design is 
toward compact, high-performance ma¬ 
chines capable of installation in an office 
or moderate-sized laboratory. Here sav¬ 
ings in power supply size and weight can 
be translated directly into greater equip¬ 
ment utility and reduced assembly costs. 
Many civilian and military computers are 
being used in mobile or air-borne applica¬ 
tions. Here, of course, size and weight 
are of primary importance. 

Further mechanical requirements in- 
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TabU '• Ph >'* 1 “ 1 "d Electrical CharactcrUtlc, ol 


Supplies 


225-Volt 15-Ampere Precision Power 



Dynanuc regulation, per ctnt *.more than ±0.1. . . 

Ripple, per cent rms ..more than ±0 IS .more than ±0.1 

Efficiency, p er cent..*. less than 0.1 . . than ±0-15 

Volume, cubic feet . 75 . less than 0.1 

Weight, pounds.... 5.9 .*. 71 

369 . A’ 5 

-... 92 


^W-r n f !vity *° te ”P«*tore, shock 
d n et ^' Mobile equipment espe- 
ally, and office machines to some extent 
must be able to withstand some de^e rf 
vibration and shock. Military faSJ? 

22"*“ «*- experience contimions 
high vibration and shock. 

^though temperature-controlled space 
often be made available for the 

puter power supply, it is an added ex- 
^ S6 , an i d ^convenience. A power sup- 
P y which can operate over a nominal am- 

uWt V A PerlLt 7 e ™ nge has “ereased 
utmty. A supply capable of satisfactory 

PMfonnana with extremes of tempenu 
ture, altitude, etc., is suitable for military 
or civilian applications at desert, tropical 
or arctic posts. The ability of equipment 
to continue in operation at remote loca¬ 
tions with virtually no maintenance or re¬ 
placement of parts will make possible in- 

OTPfl Cin rrt-.r J_.. c *** 


T'lnx, 1 x • - -rt'—wuuu Ud computers 
The electncal requirements of a com¬ 
puter power supply are dictated by the 
characteristics of the machine load. Al¬ 
though these requirements will vary from 
machine to machine, a reasonably uniform 
electncal specification, can be drawn, de- 



Rs.1. Dynamic load regulation, 40-per-cent 
change In load. Each ma/or dlviIn = 
0.25 volt 


Top— 120 per cent/80 per cent 
bottom 80 per cent/120 per cent 
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pending upon the type of machine and its 
function. Since over-all machine per¬ 
formance is of primary importance, the 
gh-voltage d-c supplies are often de¬ 
signed to give a slow initial voltage build¬ 
up to minimize the starting shock upon 
the computer components. 

Full input to output efficiency of larger 
power supplies is receiving close scrutiny 
by computer designers. Many computers 
are being installed in offices where the 
power service is limited. Practically all 
of the power supplied by the computer’s 

£V 01 ?? 18 Ultimatel y converted into 
heat within the computer itself. It can 
be seen that the “furnace value” of a com¬ 
puter will vary directly as the output of 
the power supply and inversely as the 
power supply efficiency. The energy dissi- 
“ modem high-speed computers 
wiil often overload the existing ventilat¬ 
ing capacity of an area. To allow opera¬ 
tion m restricted office space and also to 
provide optimum working conditions for 
the computer’s components, computers 
are being built with integral air-condition¬ 
ing systems. The corelation between 
power supply efficiency and air-condition- 
ing cost is obvious. Designers are now 
calling for power supplies with over-all 
efficiencies of 70 to 75 per cent or better. 

Since digital computers are pulse- 
operated the restrictions upon all forms 
of deviation of the power supply’s d-c 
output potential are severe. A Dulse 
regardless of its origin, can possibly cause 
a false count within the computer. 

triS? de ! igt l Pr ° per ^PP 1 ^ ^ elec¬ 
tncal output specifications must carefully 

feqUired V ° ltage res P°nse 
under all types of loading and with maxi¬ 
mum variations in the a-c power input. 

Not only must the steady-state regulation 
e given but npple must be considered as 
an addition to the instantaneous dynamic 
regulation. Often the maximum allowable 
instantaneous voltage deviation will be 
specified for the worst possible combina¬ 
tion of a-c line variation and ripple, with 
loading consisting of pulses from 0 cycle 
per second to several megacycles. Steady 
state regulation, dynamic regulation, and 
npple are each commonly specified to be 
held within from 0.1 to 1.0 per cent. 


. Steady-state regulation is a direct func¬ 
tion of the closed-loop system gain. Rip¬ 
ple is controUed by filtering. Theinstan- 
taneous dynamic regulation will be deter¬ 
mined by the impedance of the supply 
Because of the broad band of loading fre¬ 
quencies to be accommodated, it presents, 
generally speaking, the more difficult de¬ 
sign problem. 

Description of Computer Power 
Supply Systems 

Each of the following systems requires a 
flywheel or shunt energy storage element 
o ensure adequate dynamic regulation. 
The natural response and internal im¬ 
pedance of the power source determine the 
magnitude of this stored energy. 

Batteiy banks were an early source of 
gh-current d-c computer power. A bat¬ 
tery s energy storage capacity is high, and 
its dynamic resistance is low. Filtering 
requirements are, of course, small. How¬ 
ever, maintenance, bulk, and first cost 
are relatively high. In addition, a well- 
regulated charging source is required to 

level hC battCry P ° tential at its squired 

For low current requirements of 1 or 2 
ampm-esoriess, the fully electronic supply 
wth hard vacuum series-regulating tubes 
bas been extensively applied. Regulation 
can be made excellent, response is ex¬ 
tremely fast, and internal impedance is 



Fig. 2. Dynamic line regulation at 100-per- 

10 - p r cenl “«P change in a-c 
supply voltage. Each major division=0.25 
volt 
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Top— 240 volts/220 volts 
Bottom—220 volts/240 volts 
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Fig. 3. Dynamic load regulation; 50-per-cent 
step change in load. Each major division = 
0.25 volt 


Top—50 per cent/100 per cent 
Bottom—100 per cent/50 per cent 

relatively low. The shunt energy storage 
requirement is correspondingly small. 
The series regulator has the disadvantages 
of low efficiency, fairly high bulk, and high 
maintenance potential. Since the full 
outpitt current is carried by vacuum 
tubes, this system has a large number of 
tubes with the corresponding possibility 
of failure. 

Precise high-current d-c computer 
sources have generally utilized grid-con¬ 
trolled thyratrons. The efficiency of the 
thyratron power supply is fairly good for 
the higher voltage. The internal imped¬ 
ance of the power service is relatively low. 
Maximum response is between 1/2 and 1/6 
cycle, dependent upon whether the system 
is single-phase full wave or 3-phase full 
wave. The shunt stored energy is greater 
than that required for a comparable series 
regulator. Efficiency at lower voltages 
(below 200 volts) drops rapidly. The 
equipment is relatively bulky. With two 
to six thyratrons, the supply can be ex¬ 
pected to require tube service. The gas- 
filled tubes are not readily portable and 
are sensitive to shock, vibration, and 
temperature 

While the electrical performance of the 
thyratron power supply can be made 
quite satisfactory for high-current com¬ 
puter applications, its mechanical charac¬ 
teristics leave much to be desired. The 
desired high-current electrical and me¬ 
chanical characteristics have been achieved 
in the power supply to be described in this 
article by substituting the magnetic- 


amplifier-selenium rectifier for the thyra¬ 
trons 

High-Speed Magnetic-Amplifier 
Performance 

The magnetic-amplifier-regulated sele¬ 
nium rectifier achieves the full mechanical 
criteria for computer power supplies. 
The power section is completely static and 
composed of highly dependable elements 
of extremely long life. The components 
are capable of withstanding even a high 
shock test and prolonged vibration. The 
over-all bulk is at practically the irreduci¬ 
ble minimum consistent with today’s 
materials. The major weight component 
is the power transformer. Temperature 
characteristics are excellent and tempera¬ 
ture extremes ranging from below 0 to 
+160 degrees Fahrenheit can be met. 

The major drawback to the application 
of magnetic amplifiers, i.e., nonlinear reac¬ 
tors, has been the popular concept that 
magnetic amplifiers are extremely slow 
responding devices. This concept is cor¬ 
rect only in a very limited relative sense. 
Since magnetic-amplifier performance is 
dependent upon its carrier frequency, it is 
correct to say the magnetic-amplifier re¬ 
sponse is slower than that of vacuum-tube 
amplifiers. However, our knowledge of 
the mechanics of magnetic-amplifier op¬ 
eration has advanced to the point that 
magnetic-amplifier response is limited 
only by its power supply frequency. A 
circuit featuring 100-per-cent half-cycle 
response has already been demonstrated 
by Ramey. 1 ' 2 The equipment described 
in this article utilizes a recently developed 
circuit capable of producing 100-per-cent 
response of 1/6 cycle or better. This is 
performance identical to that of the best 
thyratron system where again response is 
limited by carrier frequency. 

Table I and Figs. 1 through 4 give tire 
physical and electrical characteristics of 
a small computer power supply rated 225 
volts, 15 amperes. The steady-state 
regulation of the supply is ±0.1 per cent 
while the dynamic load regulation with 
± 20-per-cent load changes does not 
exceed ±0.15 per cent. It is to be noted 
from the oscilllographs, Figs. 1 through 4, 
that the dynamic regulation due to a step 
change in load or a-c supply is practically 
the same as the steady-state regulation. 
As the response of the power section is 
only 1/6 cycle this small difference between 
dynamic and steady-state regulation for 
nominal load changes has been found to 
be in the damping circuits of the pre¬ 
amplifier rather than in the power section. 

To obtain a ripple of less than 0.1 per 
cent rms conveniently, a relatively large 
shunt energy storage component has been 



Fig. 4. Dynamic line regulation at 100-per- 
cent load. 10-per-cent step change in A-C 
supply voltage. Each major division—0.25 volt 


Top—240 volts/220 volts 
Bottom—220 volts/240 volts 

used. As a result of this, excellent dy¬ 
namic regulation under even extreme 
changes in loading axe obtained. Fig. 3 
shows the output voltage deviation with in¬ 
stantaneous load changes between 50 and 
100 per cent. The dynamic regulation 
is still less than 0.10 per cent. 

It is interesting to observe that in this 
power supply a balanced design has been 
achieved. The dynamic response under 
normal operating conditions does not 
exceed the peak value of the ripple. 

The efficiencies and 60-cycle mechani¬ 
cal specifications listed in Table I are 
for a normal self-cooled design. The 75- 
per-cent efficiency presents a compromise 
with the available space and cost. By 
increasing the power section component 
size a nominal amount, it is possible to 
bring the over-all efficiency of the power 
supply up to 80 to 85 per cent. 

Where space and weight become the 
major criteria, some advantage can be 
gained with forced air cooling. However, 
major mechanical and electrical advan¬ 
tages are gained by utilizing higher supply 
frequencies of, say, 400 cycles or more. 
Response time varies inversely with fre¬ 
quency with the response of a 60-cycle 
supply equal to 1/(6X 60) = 0.0028 second 
while the response at 400 cycles becomes 
0.00042 second. As the weight of a pre¬ 
cision power supply is concentrated in 
its iron-cored elements, its weight will also 
vary almost inversely with frequency. 

Table I compares the physical charac¬ 
teristics of a self-cooled 60-cycle design 
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with a forced-air-cooled 400-cycle design 
where the electrical performance is left 
unchanged. The reduction in weight 
an volume is of major interest to the 
computer designer. While some of the 
reduction in volume came from the re- 
uced size of the iron-core elements, a 
substantial volume saving came from the 
reduction in shunt energy storage required 
for the 400-cycle supply. With the 
higher frequency, filter requirements are 
naturally reduced, as the improved re¬ 
sponse takes care of the subharmonic load 
changes. In view of the performance 
gams and weight and volume savings ef¬ 
fected with the higher supply frequen¬ 
cies, it is expected that more and more 
computers will be built using 400-cycle 
or higher a-c power. 


Design Consideratio ns! 

_ fundamentals of regulated pre¬ 
cision power supply design revolve around 
the restrictions laid down by the basic 

three R’s” of ripple, regulation, and re¬ 
sponse. Although the designer might at 
first consider these to be three independ¬ 
ent variables, he soon finds them to be 
mutually dependent. Full establishment 
of two of the variables usually results in a 
determination of the third. The block 
diagram of the precision computer power 
supply is quite simple; see Fig. 5. Al¬ 
ternating voltage is supplied to the mag¬ 
netic-amplifier-selenium rectifier where 
it is reduced to the desired level and recti- 

A.C. INPUT 


III 


POWER 

TRANSFORMER 


fied. The raw direct current from the 
rectifier is smoothed by the filter, which 
contains a shunt energy storage com¬ 
ponent. The filtered d-c output is com¬ 
pared with a suitable standard and the 
difference amplified by the preamplifier 
to control the magnetic amplifier. 

Although it is common practice to speak 
of steady-state regulation and dynamic 
regulation, it is recognized that this is 
only distinguishing between the zero fre¬ 
quency error and the frequency depend¬ 
ent error caused by a variable frequency 
load. Within the long-term stability 
limits of the reference and the require¬ 
ments for closed-loop stability, almost any 
desired steady-state regulation can be 
achieved by increasing the closed-loop 
gain. The closed-loop diagr am of the 
power supply is given in Fig. 6. The dia¬ 
gram indicates that errors or deviations 
in output voltage result from changing 
loads and variations in the a-c supply. 

The frequency response (dynamic reg¬ 
ulation) of the system for changes in both 
a-c supply and d-c load can be predicted 
from the equivalent circuit of Fig. 7. 
Since most of the changes in the d-c load¬ 
ing upon the power supply will be caused 
by variations in tube plate currents of the 
computer load, it is natural to represent 
the load by the conventional equivalent 
circuit of a tube, i.e., a resistance R B in 
senes with a constant a-c generator 
The magnetic-amplifier— seleni um recti¬ 
fier has been represented by an adjusta¬ 
ble d-c source E 3 and its internal resist¬ 
ance. R r . At this point the somewhat dis¬ 
continuous nature of the voltage output 
of the magnetic amplifier should be recog¬ 
nized. The magnetic amplifier is not 
being used as variable reactance but as a 
magnetic gate with an alternating voltage 
gating action entirely similar to that of the 
phase-controlled thyratron. As in thyra- 
tron action, the first portion of the alter¬ 
nating wave is absorbed by the magnetic 


amplifier before its reactorfires (saturates) 
and allows the rest of the alternating wave 
to be applied to the rectifiers. The d-c 
output of therectifier is controlled by vary¬ 
ing the amount of the a-c wave blocked by 
the magnetic gate. By proper choice of 
materials the reactance of the reactors 
after saturation can be made negligible 
at the carrier frequency. The magnetic- 
amplifier-selenium rectifier then can be 
represented by a gated d-c source (with 
output wave form as shown) and its 
internal resistance. 

The magnetic amplifier has a response 
of 1/6 cycle for the polyphase connection. 
With a 60-cyde carrier, signals above 360 
cycles per second are attenuated. For 
frequencies in the even low kilocycles, 
the magnetic amplifier is, of course, com¬ 
pletely insensitive. To maintain the 
output potential deviation within re- 
quiredlimits under high-frequency loading, 
it becomes necessary to supply a shunt 
energy storage element or low-pass filter. 

A variety of circuits and elements can be 
used. For simplicity of analysis, a capac¬ 
itor C has been used in the equivalent 
circuit. 

At the higher frequencies, will be 
large compared to X es . The e L will be 
attenuated by the resistor R L . The com¬ 
ponent of the high-frequency voltage ap¬ 
pearing across the output terminals will 
be given by 


Aeo(co) = 


-jx *(«) 


' <?!,(&>) 


MAGNETIC 

AMPLIFIER- 

SELENIUM 

RECTIFIER 



Rl ~’jXc(co) 

Since X e is frequency variant, the de¬ 
viation of eo is dependent upon both fre¬ 
quency e L and the magnitude of R L which 
is in turn determined by the d-c com¬ 
ponent of load current. 

The low-frequency response study of 
the system must be modified in light of 
the voltage gating action of the magnetic 
amplifier. If the full alternating poten¬ 
tial available to the magnetic amplifier 
were applied, instead, directly to the 
selenium rectifier, the d-c output voltage 



A.C. INPUT 




PRE-AMPLIFIER 


MAGNETIC 

AMPLIFIER 

AND FILTER 


& 6 
O. C. OUTPUT 


Fig. 5. Sytems block diagram 


LOAD 
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Fig. 6. Closed-loop diagram 
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p GATEDD.C.OUTPUT OF MAGNETIC AMPLIFIER-SELENIUM 
C - S " RECTIFIER 

p INTERNAL RESISTANCE OF MAGNETIC AMPLIFIER AND 
l ' I- SELENIUM RECTIFIER 

0 “ CAPACITORS (SHUNT ENERGY STORAGE) 
ft L -EQUIVALENT LOAD IMPEDANCE 
e L “ EQUIVALENT LOAD POTENTIAL 

Fig. 7. Simplified equivalent circuit 

This indicates that the peak value of 


would rise to a maximum value. It is 
the function of the magnetic amplifier to 
block the first part of the a-c wave long 
enough to reduce the resultant rectified 
potential to the desired value. The mag¬ 
netic gate, similar to the electronic gate, 
no longer has any control over the voltage 
passed once the gate has fired or is opened. 
Control can only be effected through 
variation of the gating time of the suc¬ 
ceeding voltage wave which appears 1/6 
cycle later. Maximum voltage deviation 
would then occur if the load were to be 
switched at the instant that the magnetic 
amplifier had fired. 

To determine this deviation, consider 
e L ~0 and vary the load by switching a 
resistor Ri in parallel with R L . If E s is 
assumed to have a constant average value 
during this interval, then the output volt¬ 
age C will start to decay exponentially 
from 


mains RlC, which is a relatively long time. 
If, however, the line potential were to in¬ 
crease at the instant the gate opens, E s 
would start to charge C directly through 
R». Should R a be reduced to zero, then 
the variation in E g would appear directly 
across the d-c output and it would be im¬ 
possible to maintain fine dynamic regula¬ 
tion under increases in supply-line po¬ 
tential. A balanced design calling for a 
given maximum output deviation with 
rapid a-c line changes must therefore con¬ 
sider the charging time constant of C. 
The expression for the voltage deviation 
with a step increase in E t is 

„ R' ( _4L\ 

Ai£o = — f 1 — « b'c J A E t 

where R' = (RM/iRt+R,). 

Accurate ripple filter computations can 
be made by assuming that the system acts 


the fundamental component of ripple 
current flowing through C is twice the d-c 
load current. With the alternating cur¬ 
rent through C known, the ripple voltage 
is computed as the product of the alter¬ 
nating current and the capacitor react¬ 
ance at the fundamental ripple fre¬ 
quency. 

Conclusions 

Experience has proved the ability of 
the magnetic amplifier to perform the 
high-speed, high-current regulating tasks 
formerly considered feasible only with 
thyratrons or ignitrons. Heavy current 
computer power supplies have been built 
with the electrical performance of the 
electronic system and the ruggedness and 
long life of the magnetic amplifier. With 
reasonable response and ripple specifica¬ 
tions there are no practical limitations to 
the size of the magnetic-amplifier com¬ 


as a polyphase rectifier with a capadtor puter power supply. 

— —— E s down to — Rn - E s input filter. R s is further assumed small. There appears to be a tendency in 

Rl + r * -Ku + r * Under these assumptions, the current American design to use the magnetic am- 

where Ru=(RlRi) /(Rl+Ri). flowing into C will consist of pulses of cur- plifier as a new low-level controlling ele- 

rent which will flow only during a short ment, while the final power stages of the 
The output voltage deviation E 0 for interval at the peaks of the applied voltage system are still motor generators, ampli- 

a period At will be given by wave. The current flowing into C can dynes, etc. This tendency, if true, over- 

( r l Rn \/ ~ At \ then expressed in terms of a Fourier looks the full potentiality and ultimate 

Rl+r, ”i? n +.R s /\ 1 “ 6Bm '/ E * series application of magnetic amplifiers. 

ce INET, Inc., put into service over a year 

where R m =(R n Rs)/(R n +R a ) (i.e., the i c (t)=T dc +Yj a k cosko>t ago a magnetic amplifier with a 160,000- 

parallel impedance of R u R L , and R s ). fc=i ampere output which was controlled with 


The role of the internal supply resist¬ 
ance R s is particularly interesting since it 
is also a function of the supply effiriency. 
As R s becomes smaller, AjEo-* 0 since 
RJiR-L J rRn)~^Rn/(Ru-\-Rs)■ RiuC, and 
therefore the time constant 2?m, also goes 
to zero with J?». 


The d-c component is given by 



The peak fundamental component 
a\ =h is given by 


600 milliamperes of control current. The 
response time of the apparatus was less 
than 1.5 cycles. At the present moment 
there appear to be no practical restric¬ 
tions upon the size, voltages, and currents 
which can be achieved with high-perform¬ 
ance magnetic amplifiers. 


It would seem that every effort should 
be made to reduce R s to as close to zero 
as possible. Unfortunatdy, upon ex¬ 
amining the response of the system to 
changes in a-c supply voltage, this is 
found to be undesirable. 

For a given gating interval, E s will vary 
directly with the a-c line voltage. Should 
the line voltage drop and cause E s to drop, 
the unidirectional nature of the rectifiers 
will prevent C from discharging through 
JR,. The discharge time constant re¬ 


I =— I ic(t ) cos utdt 
RJ o 

However, the current only flows into 
the capacitor during the short peak por¬ 
tion of the cycle, or when the cosine term 
is approximately unity. During the re¬ 
mainder of the cycle, when the cosine term 
is less than unity, i e (t) — 0; therefore 

Ji <j — f* ic(t)dt=*2Iac 

TJ o 
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Some Transistor Building Blocks for 
Analogue Computers 


H. HELLERMAN 

ASSOCIATE MEMBER AIEE 


Jl^IANY analogue computers of the 
mwu electronic type include combina¬ 
tions of a few “building blocks” railed 
operational amplifiers. This paper ana¬ 
lyzes the basic properties of voltage and 
current operational amplifiers and dis¬ 
cusses some of the problems of designing 
the circuitry using junction transistors. 
Although much has been written about 
the voltage operational amplifier, 1 es¬ 
pecially where vacuum tubes are em¬ 
ployed, it is hoped that this presentation 
of the subject will emphasize those 
properties of the network configuration 
which become important if transistors are 
to be used. A somewhat different ap¬ 
proach to making the best use of transis¬ 
tors in the analogue computer type of cir¬ 
cuits is to use currents instead of voltages 
as the dependent variables. This leads 
to what in some respects seems to be a 
more reasonable utilization of the natural 
properties of transistors than the obvious 
expedient of simply "transistorizing” 
existing circuits. One of the aims of this 
paper is to explore this possibility in a 
rather general way and to relate the 
principles and philosophy of the current 
operational amplifier to the more fa miliar 
voltage case. The analysis is based on 
the small signal operation of devices 
such as vacuum tubes and transistors 
which allows them to be replaced by the 
usual equivalent circuits. No attempt 
wil! be made to include practical circuit 
diagrams. 

i 

Voltage Operational Amplifier j 

TTie Miller voltage operational ampli- 
r can perform the operations of addi- t 
ran, multiplication by a scale factor v 
■ntegratmn, and differentiation with an fi 
ccuracy which can be made to depend ii 
«PO„ relatively few circuit components ’ a 
^figuration is shown in rather 
P' al {oim m F 'S-1- Within the large si 
sidered “ “ lpli<!er con- w 

4cifitd bv th T^ " etWOrk ' Can be ai 
n? and v “VT parameters i’u, a 

that tZsflL lfT" 1 is showo pi 
desTcJr! 5 ansform of the output voltage cc 

fe^lh ^ (s)isreIatKltothe ‘ ra -- s 

tSr, 0 f themputTOlt ^-S.Wbye q na- hs 


Eo(s)= 


E { (s)(k 0 +-^) 


where the following notation applies to 
the amplifier and network within the 
box 

Yo sa i r 22 =( — j: output admittance with 
' 1 G short-circuited 

Yi = Y u = : input admittance with 0 G 

short-circuited 

K °~~ (l^j) = : v °ltage gain with 0 G 

opened 

Yl2 * (it) : ' ratio of current at 1G to voltage 
' ° J applied at output with 1 G 
short-circuited 

If it can be assumed in the frequency 
range of interest that the following in¬ 
equalities are substantially satisfied. 

w»|s| 

Y o\ 


then it can be said that approximately 

It should be noted that these inequali- 

es, which if satisfied make equation 2 
valid are more nearly met if the ampli¬ 
fier K 0 has a veiy high gain and if the 
mput impedance of this amplifier is high 
and its output impedance is low. 

Using equation 2 Table I can be con- 
«ra*!d, the contents of which are fairly 
well known. This can be thought of L 
an application table which indicates the 
connections of the feedback elements to 
perform desired operations. Only those 
combinations in Table I which use re- 
sistance and capacitance for Y, and Y 

ave attained widespread use. It should 

be emphasized that these results are of a 
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general nature and are not restricted to 
the use of any particular device to furnish 
the gain K 0 . 

The vacuum-tube amplifier has been 
widely used to provide the necessary 
gain. In the frequency range of interest 
in most analogue computer applications, 
vacuum-tube amplifiers which include one 
grounded cathode stage have an over-all 
value of Yu which is very small. This is 
true because there is no electric transmis¬ 
sion from plate to grid of a grounded 
cathode stage, at least at low frequencies. 
However, this is not the case for transistor 
amplifier stages. To be perfectly general 
I Yn has been retained in equation 1. In 
) any particular circuit configuration Y \j 
can be determined from its definition. 

) From the second inequality it is necessary 
: that | F 12 |«|F / | for equation 2 to hold. 

The circuit providing the gain may then 
be described completely in terms of its 
input and output impedances and its 
open-circuit voltage gain. It might be 
worth while to examine some of the 
characteristics which these transistor volt¬ 
age amplifiers must have in order to lie 
useful in this application. If simple cas¬ 
caded transistor stages are to be used, 
the first general requirement is that they 
must include an odd number of grounded 
emitter stages to make K 0 negative. It 
should be noted that Yn for a grounded 
emitter stage is very small, being of the 
order of 1 micromlio for a typical junc¬ 
tion transistor. Although a single 
grounded emitter stage may be used, it is 
desirable to add at least one other stage 
to the grounded emitter to obtain more 
gain or to keep the input impedance high. 
For a 2-stage voltage amplifier only a 
grounded collector or grounded base 
stage may be added. The grounded col¬ 
lector followed by a grounded emitter 
combination has the advantage of giving 
a high input impedance; a value of a few 
hundred thousand ohms in parallel with 
the input bias resistor can be achieved. 

The gain with two high alpha triode junc¬ 
tion transistors should be over a hundred. 
Further cascading to obtain more gain 
is, of course, possible although the band- 
width deteriorates as more stages are 
added, and maintaining stability after the 
eedback is connected becomes a more 
severe problem. 4 
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ArRi? 6 ^ 063 Committee and approved by P the 
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Thus far it has not been stated whether 
the interstage coupling was to be direct 
or by means of capacitors. Although, 
many circuits used as operational ampli¬ 
fiers in analogue computers must be d-c 
•coupled, circuits of this type used in 
other applications often need not be. 
The decision as to the kind of coupling 
rests on the type of input signal on which 
the circuit must operate. If d-c cou¬ 
pling must be used in a particular applica¬ 
tion, there are some severe difficulties. 
One of the hardest obstacles to overcome 
is drift, especially with temperature 
•changes. Present methods of dealing 
with the problem involve using special ele¬ 
ments which have the property of 
changing with temperature in such a way 
that they can be connected in the circuit 
to compensate for the drift in the ampli¬ 
fier. 6 However, if this is done the ampli¬ 
fier must be constructed with some rather 
critically matched components. Further¬ 
more, if identical transistors are used in a 
2-stage amplifier, only certain combina¬ 
tions will lend themselves to the com¬ 
pensation scheme. 

Current Operational Amplifier 

As mentioned earlier, another approach 
to the efficient use of transistors is to 
use currents instead of voltages as the 
quantities to be operated upon. To 
determine the configuration which the 
current operational amplifier might take, 
the general principle of duality can be 
used. If this is done, it is to be expected 


Fig. 1 (left). 
General con¬ 
figuration of the 
voltage opera¬ 
tional amplifier 

Fig> 2 (right). 
General configu¬ 
ration of current 
operational am¬ 
plifier 


that a current amplifier will take the 
place of the voltage amplifier. This cur¬ 
rent amplifier requires properties which 
naturally fit the capabilities of transis¬ 
tors. Consider the configuration of Fig. 
2. The input is a current ii(t ) and the 
output a current i 0 (t). In terms of-the 
transforms of these currents denoted by 
Ii(s) and I„(s) we have equation 3. The 
derivation of this equation is given in 
Appendix II, as well as derivations of 
equations for input and output imped¬ 
ances. (A less general form of equation 
3 was suggested independently by J. J. 
Suran. 8 ) 


(-0 


|+ S + 


where 


j _ ___ \ ^0/ _ 

(|+^) (»> 

vhere 

_ / Et\ 

'o = I —rJ : output impedance with l'f 
' 0 opened 

_ (E\ . 

>i = l — J: input impedance with 0'/opened 
1 <• = ("): current gain with output short- 

V 1 ' 


output impedance with l'f 
opened 


current gain with output short- 
circuited 




ratio of voltage across 1 f to 
the current applied to O'f 
terminals when 1'/ is 
opened 


Table I. Application Table for Voltage Operational Amplifier 


Differentiator 


Integrator 


Function Amplifier 


Eo(s).... 

Rs 

.... - RCsE(s).... 


e„<t) . 

.. . — El e (t) . 

_— JRC- 1 - _ 

L de(t) 


R.i ' 

dt 

R dt ' 


l‘ CURRENT J O' 

“T7 -0 AMPLIFIER °TF 


E./ Z ll > Z I2> ^ > Z 22 [E 2 


Equation 3 can be used to determine 
the output current i„{t) for any input 
current ift) by use of the inverse trans¬ 
form. If the following inequalities are 
substantially satisfied 


\M» z f 




!(■ 


Zt+Z L 



Zn\ 

Z\« 

z 0 " 

" Zo) 

Zp 


.•--f/'W" 


then equation 3 can be approximated as 
equation 4 

I 0 (s)&-^r I,(s) (4) 

z r 

It should be noted that, to make equa¬ 
tion 4 hold, the conditions on the am¬ 
plifier (whose current gain is A e ) are that 
the input impedance should be low, the 
output impedance high, and |Zi 2 |<<|Z/-|. 
This latter condition is easy to satisfy in 
many practical cases. For example, a 
grounded emitter stage has a Zv» of about 
30 ohms for a typical transistor. These 
conditions are as expected since they are 
the duals of the conditions for the voltage 
case. An amplifier consisting of junc¬ 
tion transistors can come close to the 
ideal. 

An application table similar to Table I 
can be constructed from equation 4. 
This table indicates the combinations of 
feedback impedances for use with the cur¬ 
rent operational amplifier to perform the 
operations of integration, multiplication 
by a scale factor, and differentiation. 
The table is seen to contain two possible 
integrators and two differentiators shown 
in such order that they are duals of the 
corresponding entries of Table I. If one 
is confined to the use of capacitors and 
resistors only for the critical feedback 
elements, then the circuits used for the 
current operational amplifiers are the 
duals of the inductance-resistance com¬ 
binations of Table I. 

Some physical feeling for the properties 
of this circuit can be had by considering 
the equations of input and output im¬ 
pedance which are derived in the second 
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and third parts of Appendix II The 
input impedance (neglecting Z 12 ) at ter “ necessar y sin <* the difference 

mmals 1'Gin Fig. 2 is given by between actual output and desired outpS 

- approaches zero oo a ; __ H . 

(Z:-).^ = 7 !+ 7f Z L+2 0 (l~A c ) 

Zt+Z,.+Z, (5) 


Let the quantities in equation 5 be 
taken as real. This would be required 
or the cases of integrator b, differentiator 
a and the feedback amplifier or adder if 
only frequencies in the passband are 
considered. It is apparent that by 
makmg the current gain A e a large nega- 

J n n rl )er *** inpUt iffl Pedance can 
g t quite large, a figure in the megohms 

iWH P0SSlb L e ' Fmthermor e>V the load 
mpedance R L and feedback impedance 

have^n? Zo * W 

7?™ ^phenomenon of multiplication 

the feedback impedance by the gain ^ 

M«e with respect to the terminals l'O 
Ttas is just the dual of the well-known 
° f tie ““Itiplication of the 

t0 g,Ve f»rt of the 
mput admittance of the conventional 
voltage circuit. 

The outp^ impedance equation, again 
neglecting Z l2 , is ’ 8 


(Zou t )o'g = ■go-j- Zf — - 


% ^A c + 


Zp-j-Zt-f-Z/ 


( 6 ) 


For large real negative values of A 
;t * found that high values of output 

mp^fcmce ^ obtained ^ J 

moderate values of 2„ (the output im- 
pedance without feedback) are used. 

it, t tte ,°“ tput terminals of the feed¬ 
back amplifier tend to behave like the 
terminals of a good current source 

V"T‘ y With Wiich desired °P«a- 
ons can be performed with the opera- 

onal amplifier can theoretically be made 
412 


* '■******UUO.UUlg QQ 

and mcreased stability problems. 

°ne application of the operational 
amplifier not listed in Table II is that of 
to . The adder is closely related 

to the first entry of Table II. An adder 

circuit is shown in block form in Fig 3 
^qusntife, to be added are currents,' 
Ch °f whlch ^ come from a current 
geneuiTor with internal resistance R t . 
Subject to the inequalities dted pre- 

i<faU 0UtP “* CUTreat wo,dd 

io(t) ~(R , +R p )R / Ui(t) + i *( t )+- -m-h 

4(/)J (7) 

The coeffi «cnt of the sum of the input 
currents in equation 7 can be adjusted to 
give a suitable scale factor by varying 

•Kp Or XV 

Much of what has been said about the 
problem of drift in transistor direct-volt¬ 
age amplifiers applies to the case of the 
d-c operational amplifier. As in the 
voltage case, an odd number of grounded 
emitter stages should be included to make 
C a negative quantity. A suitable 2- 
stage combination might be a grounded 

c“r Pat c St ? e m ° wed *>y a grounded 
emitter. Such a combination would give 


Uiput impedance, a v 
order of 50 ohms being typical, and a cur¬ 
rent gam of over a hundred using high 
alpha junction transistors. The load im¬ 
pedance on the whole circuit should be 
as small as possible. Again, what has 
been said about cascading stages of volt¬ 
age amplification holds, in general, for 
cascaded current amplifiers. 

With all the advantages of ruggedness, 
reliability, and efficiency there are still 
several difficulties when using transistors 
m a large computing system. One of 
these has already been mentioned, i.e. 
the drift problem of d-c amplifiers must 
be used. Another difficulty in a large 
system using the current operational 
amplifier presented here is the necessity 

of noncommon power supplies. If several 

of these building blocks were connected 
together, this might be a serious problem. 
On the other hand, amplifiers of the type 
described are used in applications other 
an arge-scale analogue computers. 
For example, a single operational ampli- 


and mcreased stability problems * erati^ 6 °f often used in the S ei 

Onp * eration of precision linear sweep wavr 

forms and for driving function potention 
eters in simple computing operation 
Many of these jobs can be done with a 

COUnlinp flnrl ori+1,__». .. .. . . 


-'-rtw ue aone with a- 

couphng and with a single circuit of th 
type described. However, the possi 
bihttes of the extensive use of transistors 
with the savings of power, size, am 
weight, are vety attractive for large sys 
terns. The problems which must be 
solved before this is feasible do not seen 
insurmountable. 

Appendix I. Derivation of Gain 
Equation of Voltage Operational 
Amplifier 

3 fer t0 Fig- 1. and write the transform 
node equations 

(E x -Ek) Yt+^-Eo) Yf+I, » 0 
(E 0 -E 1 )Y f +R 0 Y L +I^ o ( 8) 

From 4-terminal network theory we have 

h~EiY n -j-E 0 Y 12 

h=Ei Y„ -f -E 0 Y n (gj 

Substituting equations 9 into 8 and 

solving for E 0 in terms of Ei gives after 
simplification S ’ 1 


3. Circuit 
arrangement for 
a current adder 



i 

Helierman Transistor Building Blocks for Analogue Computers 


September 1954 

















Appendix II 

Derivation of Gain Equation of Current 
Operational Amplifier 

Refer to Fig. 2, and write the transform 
loop equations 

(Ii ~' li )Zp "1" (-lx — Iq )£/~h jEi=0 
(lo—IdZf+IoZi,—Et — 0 ( 11 ) 

From 4-terminal network theory 

JSi ~hZ n -I 0 Zn 

Ei2=IiZi\ — IoZn 

Substituting these into equation 11 and 
solving for I 0 



Derivation of Input Impedance 
Between Terminals 1 'G 

Consider a potential source applied 
between terminals l'G. The ratio of this 
voltage to Ii is the following input imped¬ 
ance 


/<7 \ . IiZn-I<>2ii>-{-(Ii—Io)2f 

( z in) l'<3 — - - - - 

ll 

where 

lo Z< 2 X~\-Zf 

After substitution and simplification 
(2in)i'0=-£ii4- 

z\z L +z„-z a -z*-^g± I 

__!=_ Zf J (13) 

Zf+Zi+Zit 

Note that since Z n —Zi, Z 2l =Z 0 , Z 2 i=Z 0 A c 
and if Zn is neglected equation 13 reduces 
to equation 5. 

Derivation of Output Impedance 

A current —I 0 is applied to terminals 
O'G. The voltage between 0 'G is 

Vo'a —IiZ‘i\—l 0 Z<x\-\-(l\—I 0 ')Zf 

(•^outVe? = ~ — Z«a.-\-Zf — -(Z 2 i+Zf) 

■‘■0 lo 


Ii _ Z\ 2 -\-Zf 

Io Zp+Zf-\-Zu 
Hence 


(Z 0 ut)'ca — •2’s2+ Z/— 


(Zn+ Zf)( Z21+Z/) 
Zp-{-Zf-\- Zu 


( 14 ) 


If Z i2 is neglected and it is recalled that 
Z 2 i = Z 0 A c , Z 22 — Z 0 , Zn — Zu then equation 
14 reduces to equation 6 . 
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A Simplified Standard Cell Comparator 

J. H. MILLER 

FELLOW AIEE 


Synopsis: For use in comparing working 
standard cells with the potential from a 
"normal” or saturated cell, presumably 
one of a group maintained as a voltage 
reference, a simplified comparator is pre¬ 
sented. Complete circuit details are given, 
as well as a description of the necessary 
auxiliary items. 

T HE use of the saturated or normal 
form of Weston standard cell, with 
its long life and well-maintained voltage, 
appears to be growing. A decade ago 
relatively few banks of saturated cells 
existed outside the National Bureau of 
Standards. Today, however, numerous 
industries and college laboratories are 
maintaining groups of saturated cells for 
the immediate availability of a high- 
accuracy voltage reference. 

Saturated cells, while maintaining their 
voltage well against time in years, must 
be maintained in a temperature-controlled 
chamber since the change in voltage with 
temperature is about 60 microvolts (ixv) 


per degree centigrade. Through the use 
of the Wolff formula for temperature 
correction and occasional cross checks at 
the Bureau of Standards, an independent 
group of saturated cells can readily main¬ 
tain the volt to within 5 /tv. The re¬ 
quirement for constant temperature, how¬ 
ever, precludes the use of such cells in 
completely portable service and for 
general use the unsaturated cell with its 
low temperature coefficient is more suita¬ 
ble. For standardizing the unsaturated 
cells in terms of the values of .a normal 
saturated bank, a simple comparator of 
some sort is desirable. 

Definition of a Comparator 

Stated very simply, in checking a work¬ 
ing standard cell against a reference stand¬ 
ard, the two cells are connected in op¬ 
position, in series with a galvanometer 
and an auxiliary source of a few jxv. Ad¬ 
justments are made in the auxiliary source 


until the galvanometer indicates a null 
balance. The working cell potential 
then equals the potential of the reference 
cell plus, algebraically, that of the 
auxiliary potential. The comparator is 
simply a means of adjusting the auxiliary 
potential, indicating its value in /iv in 
some manner and possibly with an ar¬ 
rangement whereby it can be added 
simply, accurately, and with proper sign, 
to the value of the reference cell. 

The comparator designed by H. B. 
Brooks 1 is a highly developed form in 
which readings can be made to 0.1 /tv. 
Used for research and for international 
comparison of voltage standards, it is 
necessarily of high accuracy. It includes 
some 70 adjusted resistors and a rather 
elaborate calculating system. 

Statement of Requirements 

A useful comparator of simpler scope 
might have a sensitivity level of 1 nv 
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with 5 /tv per division on the indicating 
instrument and an over-all limit of error 
of 5 jttv. On the assumption that the 
standard cell being checked will come 
within the extreme limits of 1.017000 
and 1.020500 volts for a span of 3,500 jav 
it is possible to get along with seven 
coarse steps each covering 500 /tv, and 
the associated instrument covering the 
fine subdivision of each 600-/tv step. If 
it is assumed that the saturated cell bank 
is being maintained at least between 28.2 
and 36.6 degrees centigrade, then, ac¬ 
cording to the Wolff formula, the refer¬ 
ence voltage span will be 1.017750 and 
1.018250 amounting to, again, 500 /tv 
and centered at 1.018000 volts. 

Assembling these design parameters, 
the comparator illustrated in Fig. 1 was 
built. It is assembled with the necessary 
auxiliary items in Fig. 2, including the 
two milliammeters, the auxiliary standard 
cell, three dry cells, and the main galva¬ 
nometer of high sensitivity; the intercon¬ 
necting wiring has been omitted for 
clarity. Fig. 3 is a schematic diagram 
including all of the auxiliary items. 
Open circles represent binding posts, and 
true voltage values are given at the switch 
points. 

The circuit of the reference cell and the 
cell under test, X, is closed to the high- 
sensitivity galvanometer G through the 
resistance from A to B which actually 
takes the form of a few feet of no. 24 
gauge manganin wire wound on a skeleton 
bakelite form to give about 1/4 ohm per 
turn. A tap is made on each turn, the 
assembly is varnished and baked, and 
the sections marked 0.25 are adjusted to 
better than 0.001 per cent or 1/2 /tv in 500 
when passing 2 milliamperes (ma). Sec¬ 
tions marked na are not adjusted. 

The left-hand model 1 instrument has a 
range of 1-0-1 ma. Curent covering this 
span, controlled by the associated rheo¬ 
stats, produces a drop in the 0.25-ohm re¬ 
sistor of from 250 /tv aiding, through zero, 
to 250 juv, opposing, the reference cell. 
The instrument scale is marked, however, 
1.017750 to 1.018250 volts, with 1.018000 
volts at the electrical zero point. The 
current is adjusted so that the instru¬ 
ment indicates the actual reference cell 
potential at the then existing tempera- 
tine; the drop of this measured current 
through the 0.25-ohm resistors then, 
added or subtracted from the reference 
cell, adjusts the net voltage to 1.018000 
volts. 

Current through the center 0.25-ohm 
resistors, as selected by the rotary switch, 
is maintained at exactly 2 ma by balanc¬ 
ing the drop of this current through the 
509.85-ohm resistor against the potential 
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of an auxiliary standard cell through a 
simple galvanometer g, exactly as in the 
Brooks design. The resistors in the switch 
point leads, 0.5, 0.75, etc., serve to main¬ 
tain constant resistance in the battery 
circuit on any switch position, thereby 
obviating readjustment of the 2-ma cur¬ 
rent as the range is changed. 

Selection of the switch position adds 
or subtracts voltage in 500 -mv steps to 
bring the reference voltage to the values 
indicated at the switch points on the 
diagram, and as necessary for a coarse 
balance on the main galvanometer G. 

The final adjustment to balance is by 
tnoans of the network at the right. When 
balance has been achieved, the current in 
this network producing the final yv value 
is measured in the right-hand instrument 
which, in turn, is marked 0-500 yv in 
black and coded as scale A , and 500-1,000 
(tv in red and coded as scale B. This 
simplifies the use of the correct set of 


numbers since at the switch point for 
1.0180 volts the white-filled engraving 
reads 1.018-MU whereas after the point 
for 1.0185 volts the red-filled engraving 
reads 1.018+-B; see Fig. 1. The other 
points are similarly marked. 

The main galvanometer has a resist¬ 
ance of 25 ohms and its external critical 
damping resistance value of 400 ohms 
roughly matches the resistance of the two 
cells in series. One scale division deflec¬ 
tion, 0.005 microampere, would be pro¬ 
duced by 2 yv through 400 ohms, thus 
indicating the degree of resolution. 

Accuracy of Adjustment 

A brief analysis of the circuit will show 
that only the marked resistors in the cir¬ 
cuit from A to B and the 509.85-ohm re¬ 
sistor need be adjusted accurately. They 
were held to 0.1 per cent. All of the other 
resistors serve adequately if within a few 


per cent of the marked value including 
the control rheostats. On the other hand, 
the values in the dry-cell circuits were 
selected after considerable study and 
actual use with the instrument to give 
the most satisfactory manipulation under 
all conditions. In each case the upper 
rheostat is' the fine adjustment. 

The device was built with full knowl¬ 
edge that Dr. Brooks designed an elab¬ 
orate temperature-compensated galva¬ 
nometer key, that he furnished a com¬ 
pensator for any residual thermal volt¬ 
age, and that he was much concerned 
about various random residual potentials. 

It was expected that possibly copper 
binding posts would be required, along 
with other special compensation means. 
However, practical use in a laboratory and 
checks of many cells as manufactured 
appear to indicate that if accuracy to 
within a few yv is considered adequate 
no further compensation is needed. To 
be sure, the apparatus is left connected 
all of the time and, as Dr. Brooks points 
out, the battery drain is no more than 
equivalent to shelf life. Thus the ap¬ 
paratus reaches temperature equilibrium 
and is touched in normal use only on the 
control knobs and the galvanometer keys 
which are made of bakelite. 

In presenting this particular form of 
comparator and its circuit, full credit 
must be given to Dr. Brooks for his 
original paper from which this design is 
abstracted. Nevertheless since this sim¬ 
pler form is the result of considerable 
study, it is presented as a useful variant 
for the record. 
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Discussion 

H. B. Brooks (Consulting Specialist, Wash¬ 
ington, D. C.): The comparator described 
by Mr. Miller is a very good solution to the 
problem of checking standard cells with an 
accuracy adequate for the needs of the 
maker of such cells, and for testing institu¬ 
tions which are not obliged to push the 
accuracy to the extreme limits for which 
national standardizing laboratories must 
strive. To a large extent it avoids the 
special design features which were found 
necessary in the standard cell comparator as 
used at the National Bureau of Standards 
(NBS). It is one more illustration of the 
usefulness, for certain cases, of Poggen 
dorff’s “second method,” which remained 
unnoticed for 70 years until its possibilities 
were brought out by Dr. Lindeck of the 


German Reichsanstalt. The Lindeck ele¬ 
ment has undeveloped possibilities as an 
“element” in the design of potentiometers 
for various purposes. Among its advan¬ 
tages are the ease with which it may be g iven 
more than one range and the facility with 
which it may be made extremely free from 
error caused by thermal electromotive 

forces* * • • 

As illustrations of the versatility, con¬ 
venience, and freedom from parasitic elec¬ 
tromotive forces (emf) of the Lindeck ele¬ 
ment, I might cite two further applications 
that were developed at the National Bureau 
of Standards. (1) In a low-range poten¬ 
tiometer constructed for thermocouple 
work, 1 a Lindeck dement was incorporated 
having six ranges with full-scale values from 
40 mv to 2 millivolts. With suitable ther¬ 
mal shielding the parasitic emf in the meas¬ 
uring circuit was well below the level of 0. 


uv (2) A Lindeck dement having three 
ranges with full-scale values from 100 yv to 
10 milliv olts was used as the final element 
in a wide-range potentiometer designed for 
general voltage measurements and described 
in an unpublished paper by Brooks, Harris, 
and Schroyer. The parasitic emf intro¬ 
duced into the measuring circuit by this 
element was below the level of 0.01 yv. 

The author has not made use of the com¬ 
puting device which I incorporated in the 
NBS standard-cdl comparator as he con¬ 
siders it “rath®: daborate.” Actually this 
device consists essentially of a mask and a 
second set of engraved numbers on the step 
dial of the potentiometer. It is true that 
this would require additional shop work, 
and it may well be rather daborate from this 
viewpoint. However, in use it is quite 
simple, requiring no additional manipula¬ 
tions in the balancing procedure; and it has 
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the very decided advantage, from the user’s 
point of view, that it algebraically adds the 
measured difference of potential to the emf 
of the reference cell and thus gives directly 
the emf of the cell under test. This auto¬ 
matically prevents reading errors that might 
occasionally occur if the observer were re¬ 
quired to perform the necessary addition or 
subtraction as a part of the emf determina¬ 
tion. It therefore appears to me that some 
further consideration might be given to the 
incorporation of such a device in any com¬ 
mercial realization of Mr. Miller's compara¬ 
tor. 

I should like to hear Mr. Miller's reasons 
for using separate, model I instruments as 
his “associated milliammeters.’’ They are 
actually indispensable components of his 
comparator. In special potentiometers as 
designed at the NBS we have found that 
suitably modified, built-in fan-shaped switch¬ 
board instruments have given good service, 
and (according to our taste) have given an 
air of unity to the instrument. The desir¬ 
able modifications include: knife-edge 
pointer, parallax mirror, fine division lines 
as in standard portable instruments, and 
readily accessible zero adjuster. 

Reference 

1. A Multirange Potentiometer and Its Ap¬ 
plication to the Measurement of Small Tem¬ 
per aturb Differences, H. B. Brooks, A. W. 
Spinks. Journal of Research, National Bureau of 
Standards, Washington, D. C., vol. 9. 1932, p. 781. 


R. C. Langford (Weston Electrical Instru¬ 
ment Corporation, Newark, N. J.): The 
variant of the Brooks comparator by Mr. 
Miller has been in use for routine checking 
and analysis of several hundred Weston 
standard cells in both manufacturing and 
laboratory areas. The ease of reading, to¬ 
gether with the lack of ambiguity in not 
requiring to know whether to add or sub¬ 
tract the voltage divergence from the refer¬ 
ence cell, adds considerable merit to its 
utility and reliability. 

Although the design level of accuracy is 
some 5 pv, actual errors of this order of 
magnitude may only be reached when the 
divergence of the voltage of the unknown 
cell from the reference cell is large. This 
feature is of importance since the paper does 
not specifically point out that normal as 
well as unsaturated cells may be checked. 
Thus the voltage, e.g., of a normal cell, 
newly arrived back from the NBS, can be 
checked against the reference normal cell of 
the comparator to a considerably higher 
accuracy than the 5 pv claimed. 

A feature of the use of the comparator is 
that the difference between the voltage of 
the unknown cell with and without a 1- 
megohm resistor across H gives an immedi¬ 


ate value of the internal resistance of the 
unknown cell. This feature is of consider¬ 
able use in tracing the aging process of 
standard cells during manufacture and sub¬ 
sequent life. 

If any criticism is to be made of this unit 
it would be that the reference bank and the 
reference standard cell indicator embraces 
the temperature range 28.2 to 36.6 degrees 
centigrade thereby not including 28 degrees 
centigrade, a very commonly accepted refer¬ 
ence temperature level for Weston standard 
cells in this country. 


F. B. Silsbee (National Bureau of Stand¬ 
ards, Washington, D. C.): Mr. Miller’s 
paper is in one respect quite unusual. 
Normally progress in the development of 
measuring devices proceeds from the solu¬ 
tion of simpler problems to more difficult 
ones requiring greater accuracy. In this 
case, on the other hand, the more difficult 
problem of comparing standard cells quickly 
and with an accuracy of 0.1 pv was solved in 
1933 by Dr. H. B. Brooks. Now, however, 
a new demand has arisen for measurements 
similar in kind but of less exacting require¬ 
ments, and Mr. Miller has come up with a 
correspondingly simpler and, I presume, 
less expensive and quite adequate solution. 

The Brooks comparator was designed to 
provide the ultimate accuracy needed for 
such specialized tasks as the intercompari¬ 
son of the cells in the primary group by 
which the national standard of emf is main¬ 
tained and for determining the small dif¬ 
ferences among the realizations of the volt 
in the national laboratories of different 
countries. It has proved highly satisfac¬ 
tory for this purpose. During the last 14 
years its calibration has not changed more 
than can be compensated by an adjustment 
to the auxiliary standard cell dial equiva¬ 
lent to 0.6 /xv in the unknown cell. 

The Miller design reduces the number of 
adjusted resistors and contact studs by a 
factor of 5 and does not use a thermal shield 
or a special thermo-free galvanometer key. 
On the other hand its accuracy is less by a 
factor of 5. Its range of 2,500 pv is ample 
for present conditions while the Brooks 
design covered 3,400 pv to allow for the 
change which occurred January 1, 1948, 
from the International Volt to the Absolute 
Volt. Brooks had anticipated this change 
and planned accordingly. The use by 
Miller of a red and a black scale on one 
milliammeter should be adequate to mini¬ 
mize false readings although it is not as 
completely foolproof as is Brooks’ very 
simple shield which allows the user to see 
and read only the value of the two cells 
being compared. 

This new instrument should prove very 
useful in the many laboratories which have 


occasion to make frequent comparisons of 
standard cells with moderate accuracy. 


J, H. Miller. The simplicity of use of the 
computing device designed by Dr. Brooks 
for his standard cell comparator is appreci¬ 
ated, but its fabrication requires more 
elaborate machining than is involved in the 
rest of the network. Possibly only time 
will tell as to whether or not the arrange¬ 
ment described in the paper is generally 
satisfactory. 

The instruments were divorced from the 
comparator proper because we can foresee 
several arrangements which might require, 
in turn, switchboard instruments on a ver¬ 
tical panel, a pair of series checking instru¬ 
ments at a second location, and the use of 
recording instruments in conjunction with 
the indicating instruments; also one engi¬ 
neer felt that instruments having 12-inch 
scales might be advisable from the viewpoint 
of easier readability. Further, having the 
instruments separate allows for them to be 
adjusted or even serviced if such is neces¬ 
sary and perhaps replaced by other instru¬ 
ments. Perhaps this is all in the point of 
view and the matter of the inclusion of the 
instruments or not in a common panel is 
possibly beside the point being made here 
on the simplified circuit diagram and ma¬ 
nipulation. 

The limitation of the referenced standard 
cell indicator to potentials embracing the 
temperature range of 28.2 to 36.3 degrees 
centigrade, was purely to simplify the 
adjustment of the instrument to 250 /tv each 
side of 1.018000 volts. In the Weston 
Laboratories 33 degrees centigrade is used 
as the temperature at which the reference 
cells are held and which eliminates the need 
of cooling. If it is desired that the reference 
standard cell indicator cover a potential 
corresponding to 28 degrees centigrade, as 
suggested by Dr. Langford, the center elec¬ 
trical zero could be displaced to one side a 
bit. Actually the value of 1.018 volts 
could be placed at either end of the instru¬ 
ment scale and considered as the high limit 
or the low limit without in any way invali¬ 
dating the adjustments or the markings on 
the comparator proper. Perhaps this is 
another reason for the separate instru¬ 
ments. 

Placing a 1-megohm resistor across the 
cdl under test is, of course, an excellent 
method of determining its internal resist¬ 
ance. Although such a resistor was not a 
part of the comparator described here, it is 
possible to add it to the structure with the 
addition of another terminal and a few 
minor items. 

In closing, the writer is in thorough agree¬ 
ment with the summary given in the dis¬ 
cussion by Dr. Silsbee. 
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The Quasi-PeaU Voltmeter 


C. W. FRICK 

MEMBER AIEE 


T HE metering system commonly used 
in radio noise meters includes a spe¬ 
cial type of voltmeter, the development of 
which is one of the steps leading toward 
practical instruments for evaluating the 
influence of electric power apparatus on 
radio reception. Early developments in 
this field were introduced through the 
efforts of groups representing the elec¬ 
tric-apparatus manufacturers, power com¬ 
panies, radio apparatus manufacturers 
and services. Radio noise meters and 
test methods have been gradually im¬ 
proved as a result of experience, and prog¬ 
ress reported from time to time. General 
features of radio noise meters and test 
methods were discussed in 1943. 1 The 
over-all performance of a representative 
type of noise meter, using square wave 
input voltage to simulate noise, was 
analyzed in 1945. 2 Several meter cir¬ 
cuits of the type applied to radio noise 
meters are analyzed in this paper. 

The need for attention to the metering 
system, which is the final stage of the 
noise meter circuit, became evident when 
it was attempted to measure certain types 
of noise. The early instrument was sub¬ 
stantially a receiver with a voltmeter to 
measure the output. Difficulty was ex¬ 
perienced in measuring noise characterized 
by spaced pulses such as are produced by 
a gas engine ignition system. This ex¬ 
perience led to the development of a 
weighting circuit to actuate the voltmeter 
or indicating instrument. The weighting 
circuit is a capacitance-resistance net¬ 
work with charge time of the order of 1 
to 10 milliseconds (ms) and discharge 
titnp of the order of 100 to 1,000 ms. 
The ch ar ge time and the discharge time 
are the time constants as usually defined 
for a capacitor with resistance. Readings 
taken with this type of weighting network 
are often called quasi-peak values. In 
this paper the indicating instrument in 
combination with the circuit which consti¬ 
tutes the output stage of the noise meter 
is call ed a quasi-peak voltmeter. 

The object of the metering system is to 
give readings which are reasonably signifi- 
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cant to the nuisance value of noise for the 
types usually encountered. The par¬ 
ticular values of charge and discharge 
time used have been chosen largely on the 
basis of listening tests. Many of the 
noise meters in use at present in ^ this 
country were built according to specifica¬ 
tions in a report published in 1940. 3 
These instruments have a 10-ms charg¬ 
ing time and a 600-ms discharging time. 
Noise meters developed more recently, 
some of which are for frequencies above 
or below the range of the 1940 report, are 
designed in accordance with proposed 
specifications 4 * 6 issued by the American 
Standards Association (ASA) for trial use. 
The ASA proposal is intended to extend 
and improve the 1940 specifications. 
Among other modifications the speci¬ 
fied charge time is 1.0 ms instead of 10. 
The value of 1.0 ms for charging is used 
in the specification for an instrument to 
measure radio noise adopted by the 
International Special Committee on 
Radio Interference.* The time for dis¬ 
charging was originally 160 ms but the 
value has been changed to 500 ms. 
In general, the noise meters recently de¬ 
veloped in this country and abroad have 
a 1.0-ms charge time and a 600- (or 500-) 
ms discharge time. 

The correlation between the nuisance 
value of noise and the characteristics of 
noise meters to be specified is still subject 
to some uncertainty. Further investiga¬ 
tion might be undertaken in stages. 
For example, in one part of the investiga¬ 
tion the factors significant to the nuisance 
value of common types of radio noise dis¬ 
turbances might be evaluated with the 
aid of improved testing equipment and 
techniques now available. In another 
part of the investigaton the readings 
which representative noise disturbances 
produce on different instruments might 
be determined. A simplified method of 
analyzing instrument performance has 


been described, 2 and applied to square- 
wave noise sources. To include all 
noise sources further work will have to 
be done so that irregular or random 
noises can be treated. Meanwhile, the 
results obtained with noise consisting of 
uniformly repeated wave fronts or pulses 
are useful for some purposes, such as the 
correlation of readings taken with dif¬ 
ferent instruments. This paper presents 
an analysis of the performance of the 
output stage of the noise meter on the 
basis of uniform pulses. Data are in¬ 
cluded which enable calculations to be 
made for conditions to which the analysis 
is applicable. 


Explanation of Term Quasi-Peak 

The term quasi-peak as applied to volt¬ 
meters in this discussion indicates that 
the instrument has characteristics such 
as those of a peak-reading voltmeter for 
pulsating voltage but does not register the 
true peak value. 

Theoretically a d-c voltmeter con¬ 
nected in parallel with a small capacitor 
across a pulsating voltage would register 
the peak voltage, but this ideal charac¬ 
teristic is not realized in practice because 
it requires a finite time to charge the 
capacitor to a given voltage and because 
the capacitor loses a small but apprecia¬ 
ble portion of its charge between peaks. 

Although the quasi-peak method is 
sometimes thought of as a modified peak 
method, it actually evaluates a pulsating 
voltage in terms of several characteristics, 
one of which is the maximum or peak of 
the pulse voltage. Other characteristics 
are the frequency of occurrence of the 
peaks usually called the pulse repetition 
rate, the length of time the peak lasts, 
and the shape of the pulses which make 
up the pulsating voltage. The volt¬ 
meter and associated weighting circuit 
can be designed to evaluate a pulse volt¬ 
age in a number of different ways. For 
example, the instrument can be designed 
so that the reading increases with pulse 
repetition rate ultimately approaching the 
true peak value. This type of evaluation 
is used in the radio noise meter because 
the effect of noise pulses on the ear in¬ 
creases with pulse repetition rate. 
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Fig. 2 (left). Rectangular pulse 



Basic Circuit 

A circuit which gives the response 
characteristics just described is shown in 
Fig. 1. A voltage pulse of the proper 
polarity applied to the input te rminals 
produces a charge on the capacitor C. 
The time required to charge this capacitor 
is determined by the product R\C where 
Ri is the resistance through which the 
capacitor is charged. The effect of the 
shunting resistance R 2 on the charge time 
is neglected because R 2 must be at least 
10 times the value of R 1 to obtain the 
characteristic usually desired. When the 
applied voltage is removed, the capacitor 
is discharged through the resistance R 2 . 
The time required to discharge the capac¬ 
itor is determined by the product R 2 C. 
The rectifier A precludes the possibility 
of the capacitor discharging through the 
input circuit. 

When voltage pulses of equal magni¬ 
tude and regular recurrence are applied 
to the input, the capacitor C is charged to 
a voltage sudi that the voltage increment 
for each pulse is equal to the voltage 
decrement between pulses, as explained 
in the analysis which follows. When this 
steady-state condition is reached, the 
average capacitor voltage is the quasi¬ 
peak voltage referred to in the preceding 
section. The capacitor voltage can be 
measured by a separate voltmeter as 
indicated at VM in Fig. 1 or, by suitable 
choice of R i} R 2 , and C, the resistance R 2 
may be the series resistance of a conven¬ 
tional d-c voltmeter. If a separate volt¬ 
meter is used, it should preferably be of 
the electronic type wherein the voltage 
is impressed on the grid of a vacuum tube. 

Most radio noise meters employ the 
superheterodyne receiver circuit in which 
case the rectifier A in Fig. 1 is the second 
detector and the resistance R\ includes 
the resistance of the detector tube. An 
alternative arrangement, not generally 
used in the United States, is to connect 
the second detector to an audio stage and 
connect the voltmeter of Fig. 1 to the 
audio output terminals. The rectifier A 
may be an element of a third detector. 
Noise meters usually include means for 
making the scale deflection of the indicat¬ 
ing instrument proportional to the log¬ 
arithm of voltage. The logarithmic fea¬ 
ture affects peak voltages and quasi-peak 


Fig. 3 (right). Saw-tooth pulse 



voltages alike and therefore the theory 
developed applies either to the linear 
scale or to the logarithmic scale when scale 
readings or voltages at the noise meter 
input are used. 

Pulse Response 

The term pulse response is used in this 
discussion to designate the ratio of quasi¬ 
peak voltage to peak voltage when voltage 
pulses are applied at a uniform repetition 
rate and a steady-state condition is 
reached. This ratio is a function of the 
wave shape and time duration of the pulse, 
the pulse repetition rate, and the ratio of 
discharge time to charge time. In the 
sections which follow, the pulse response 
will be determined for several types of 
pulses. 

Rectangular Pulses 

One type of pulse which might be ap¬ 
plied to the circuit of Fig. 1 is a rec¬ 
tangular pulse such as shown in Fig. 2. 
If the polarity is in the right direction 
to go through the rectifier A, a charge is 
accumulated on the capacitor C. The 
magnitude of the pulse is represented 
by E p , the peak voltage. The number of 
pulses per second if f p and therefore the 
time of one pulse cycle is 1 //„ as indicated 
in Fig. 2. The pulse duration t a is short 
compared with the time of 1 pulse cycle. 
The analysis given here is applicable when 
the ratio of these quantities is less than 
0.2. The ratios encountered in radio 
noise measurements are usually much less 
than this value. 

Starting with zero voltage, the first 
pulse charges the capacitor to voltage Fi 
where 

7i=E p (l-e 

The other quantities are indicated in 
Fig. 2. 

When the pulse width t a is small com¬ 
pared with the charge time constant RiC 
for the circuit of Fig. 1, which is usually 
true, the voltage produced by the first 
pulse is a small fraction of the peakvoltage. 
For example, if t a is one-tenth of RiC, the 
voltage Vi is of the order of 10 per cent 
of the peak voltage. For a sequence of 
pulses and in the absence of discharge 
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RiC\ 


(1) 


the capacitor voltage would gradually 
increase to the full peak value. 

During the interval between pulses the 
capacitor is discharged exponentially at 
a rate determined by R 2 C, the discharge 
time constant for the circuit of Fig. 1. 
Since the analysis applies to relatively 
short pulses, the interval for discharge is 
approximately l/f P (see Fig. 2). Usually 
the value of R 2 C is at least ten times the 
interval between pulses. Under these 
conditions the decrease in voltage during 
the discharge period is approximately 




fpRiC 


( 2 ) 


where V— the voltage on the capacitor. 
For the usual discharge rate AF is less 
than 10 per cent of V. 

When the capacitor is already charged 
to voltage F, the applied voltage during 
a pulse is E v —V. Successive pulses, 
tend to reduce this difference, which 
causes the capacitor voltage to approach 
a steady-state value V QP , the quasi-peak 
voltage. This voltage can be deter¬ 
mined by equating the increase in capac¬ 
itor voltage for each pulse to the de¬ 
crease between pulses. The voltage 
increment is approximately 


AF' 


(Ep — Vqy)ta 
RiC 


(3) 


The voltage decrement is given by equa¬ 
tion 2 with V„ P in place of F. Combin¬ 
ing these equations we obtain 



(4) 


where p~R 2 C/RiC, the ratio of discharge 
time to charge time. 

This equation may be written 


p_ WpP 
tafpP ~bl 


(5) 


where P= V 9 P /E P , the pulse response 
ratio. 

The equation just developed can be 
used to determine the quasi-peak reading 
corresponding to a defined rectangular 
pulse when the constants for the circuit 
of Fig. 1 are known. Also, the equations 
may be used to check either the charge 
time or the discharge time of particular 
noise meters in the following manner. A 
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sequence of pulses of measured width and 
repetition rate is impressed on the circuit 
by theprocedure described in the example. 
The quasi-peak voltage and the peak 
voltage are read with the noise meter. 
The ratio of these readings is the value of 
P. Equation 5 is solved for p which gives 

,_ £— («) 

tafpi. 1 — -P) 

The value of p is the ratio of discharge 
time to charge time, and therefore if one 
of these quantities is known the other is 
determined. The discharge time con¬ 
stant RzC is usually easy to obtain from 
resistance and capacitance measurements. 
The charge time constant R\C is not so 
easy to obtain because Ri usually includes 
the equivalent resistance of associated 
vacuum tubes. This test provides a 
means of checking the charge time under 
operating conditions. The pulse should 
be so chosen that the value of P is not 
too close to 1.0. 

Saw-tooth Pulses 

In the preceding section the pulses 
were considered as rectangular or a dose 
approximation to the rectangular shape. 
Another pulse shape which is of at least 
theoretical interest is the saw-tooth pulse 
illustrated in Fig. 3. The pulse voltage is 
initially F. v and is reduced to zero at a 
uniform rate in time i a - 
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In this case, the charging period is less 
than t a since it ends when the pulse volt¬ 
age has dropped to the voltage on the 
capacitor. It may be seen by referring 
to Fig. 3 that after the capacitor voltage 
b ag reached a steady-state value F flJ > the 
charging period ends when 




Solving for k and replacing V aP /E v by p 
we have 

ti-Ui-P) (7) 

The increment of voltage for each pulse, 
after the steady-state condition is reached 
is obtained in the following manner. 
The current at time t is equal to the net 
voltage divided by Ri- The net voltage 
is the difference between the pulse voltage 
at time t and the voltage on the capacitor 
V ap . Substituting values for instan¬ 
taneous voltage and capacitor voltage 
V SPl the current at time i is 

Integrating idt from zero to k and divid¬ 
ing by C gives the increment of voltage 
which is 


2 RxCta 

Substituting the value of k from equation 
7, we have 

a v ( 8 ) 

= RiC 

For the steady-state condition AV" is 
equal to AF, the voltage decrement dur¬ 
ing discharge given by equation 2. Put¬ 
ting V— V QP for the steady-state condi¬ 
tion, and substituting P for V qv /E v the 
following equation is obtained 


Ck 

CM 

-O 


Fis. 4 (left). Graphical method for 
determining pulse response 


CM 

0.6 0> 


-—-= 0 . 5 .fppta 

(1-P) 2 

This equation can be solved for P the 
pulse response by graphical or other 
means. A graphical method which will 
be explained in another section, is shown 
in Fig. 4. 

Rounded Pulses (Radio Noise) 

Radio noise characterized by regu¬ 
larly repeated steep-wave fronts as in 
square waves or very short pulses such 
as 0.1-microsecond (ms) pulses, results in 
pulses at the noise meter output of the 
shape illustrated in Fig. 5. This curve 
is the envelope of the rectified output of 
the receiver section of the noise meter. 

It is given by the following equation 
derived by the author in 1945 2 

sin wpt (io) 

eszEv 

In this equation 0 represents the band¬ 
width of the radio noise meter in cycles. 
Frequencies within this band are passed 
by the receiver section of the noise meter, 
and other frequencies are cut off. The 
pulse width corresponding to t a in Figs. 2 
and 3 is a function of the bandwidth and 
is equal to 1/0. 

It may be mentioned that the analysis 
from which equation 10 was derived was 
based on square waves. The square 
wave was represented by the well-known 
Fourier series. A similar analysis can 
be made starting from the series for some 
other wave. For example, the Fourier 
series for 0.1-jus pulses, which may be 
obtained from information given in text 
books and handbooks, gives the same 

result as equation 10. 

When a succession of pulses similiar to 
Fig. 5 is applied to the circuit of Fig 1, 
the charging period ends when the volt¬ 
age e given by equation 10 is equal to 
the voltage on the capacitor. In the 
steady-state condition, the capacitor volt¬ 
age is approximately equal to the quasi¬ 
peak voltage V ap . 

Following the procedure used for the 
saw-tooth pulse, the time k, at which the 
charging period ends for the steady-state 
condition, may be found from the equa¬ 
tion 
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Fig. 5 (right). Rounded 
pulses produced by short 
pulses or steep wave fronts 
impressed on a radio noise 
meter 
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Table I. Table of Values of Pulse Response P for Radio Noise Meters 
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where P = V ap /E p . 

The right-hand number of equation 11 
can be replaced by a series. In this case 
the first two terms of the series give an 
approximation which is good enough for 
the purpose of this analysis. The equa¬ 
tion then becomes 


6 

Solving for 4 we obtain 

h=2A5VT^P/irp (12) 

The increment of capacitor voltage 
AF' for each pulse shown in Fig. 5 is 
calculated as before by integrating idt 
from zero to ti where i is the instantaneous 
current. Performing this operation and 
making use of the series already used for 
the expression of the form sin x/x we 
obtain 


Ar ,aai): 

9*f}RiC 


(13) 


Substituting the value of h from equation 
12 this becomes 


AF' 


0.52E g (l—P)* /a 
pRiC 


(14) 


This equation was used to compute a 
table which is similar to a table of loga¬ 
rithms and from which the value of pulse 
response P can be obtained for any set 
of values of j p , p, and 0. This table is 
given here as Table I. 

Equation 15 can also be solved by the 
graphical method of Fig. 4 described in 
the following. 

Graphical Method for Determining 
Pulse Response 

Equations 9 and 15 are implicit equa¬ 
tions for the quantity P. They do not 
yield a simple algebraic expression for P 
in terms of the parameters f P , p, and t a 
or 0. A graphical solution may be ob¬ 
tained in the following manner. 

Either of these equations can be writ¬ 
ten in the form 

K(l-P) n =AP (16) 

In this equation P represents the pulse 
response which is the ratio of quasi-peak 
reading topeak reading; its value is always 
less than 1.0. K is a coefficient which is 
1.0 for either equation 9 or equation 15. 
A is another coefficient equal to 2 /t a f p p for 
equation 9 and 1.920// P p for equation 15. 


Table II. Respective Values of Pulse 
Response P from Fig. 4 


Rectangular pulse....(» = 1 X=2)...,?a0.75 

Rounded pulse.(» = 1.5 jK“1)....P«*0.51 

Saw-tooth pulse.(w=>2 ■K™1)....P<*0.45 


The exponent n is 2 for equation 9 and 
1.5 for equation 15. Equation 5, which 
gives the value of P for rectangular pulses 
can be rewritten in the form of equation 
16, in which case the exponent n is 1.0. 
If K is taken as 2.0 the coefficient A be¬ 
comes 2 /tafpp which is the same as the 
value of A derived from equation 9. 

When both members of equation 16 are 
plotted against P on the same curve sheet, 
the point of intersection of the two curves 
determines P. This is the basis of the 
chart shown in Fig. 4, which is used in the 
following manner. The value of A is 
calculated from the parameters f P , p 
and t a or 0. A straight line is drawn 
through A on the right-hand scale and the 
origin at the lower left, such as the dotted 
line in Fig. 4. This line represents AP 
in equation 16. The value of P is then 
read on the horizontal scale opposite the 
intersection of the straight line with the 
applicable curve which represents 1C(1 - 
P) n . When the value of A exceeds the 
range of the scale, a straight line is drawn 
through 1/A on the horizontal axis 
through 4 = 1 on the right-hand scale. 
Either scale may be used for values of A 
between 1.0 and 2.0. For example, a 
straight line which passes through the 
origin and 2.0 on the right-hand scale 
intersects the horizontal axis at 0.5 which 
is the reciprocal of 2.0. 

The following example illustrates the 
use of the chart and also shows the rela¬ 
tive response of a quasi-peak voltmeter to 
pulses of the same peak value, duration, 
and repetition rate but of different shape. 
In this example the values of the param¬ 
eters are f p =30 pulses per second, 
0 =6,000-cycle bandwidth, 4=1/6,000 
seconds, and p=600, which corre¬ 
sponds to time constants of 1-ms charge 
and 600-ms discharge. The value of 
A for these parameters is approxi¬ 
mately 0.67. The dotted line in Fig. 4 
is drawn from point 0 on the left 
to 0.67 on the right-hand scale. The 
intersections of this line with the three 


Equating AF' to AF the voltage decre¬ 
ment from equation 2 for the steady-state 
condition, substituting V SP for F and P 
for V qp /E p> we obtain 


P 0.52/p p 
(1 -P)* /j_ 0 

where p-RtC/RiC. 


(15) 


Fig. 6. Response to rectangular pulses, 
Instrument A, 1 -ms charge; 600-ms 
discharge 
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Rg. 7. Response to pulse noise, instrument 
A, 1-ms charge; 600-ms discharge; 6-kc band 

curves on the chart determine the re¬ 
spective values of pulse response P, as 
shown in Table II. 

Since the peak value is the same for all 
pulses used in this example, the instru¬ 
ment readings for the different pulse 
shapes will be in the same relation as the 
values of P. For instance, if the instru¬ 
ment reads 100 on the rectangular pulse, 
it will read 68 on the rounded pulse and 
60 on the saw-tooth pulse. 

Comparison of Calculated Values 
with Test Values of Pulse 
Response for Rectangular Pulses 


Values of pulse response calculated for 
rectangular pulses and for rounded pulses 
by the equations given in this paper have 
been compared with measured values 
under several different conditions. 
Curves of response to rectangular pulses 
plotted against pulse repetition rate are 
shown in Fig. 6 for 40- and 167-/xs pulses. 
The curves were calculated by equation 5 
for an instrument with a discharge-to- 
charge ratio of 600. Other investigators 
have analy zed the diode voltmeter.® 

The test points in Fig. 6 were obtained 
with a radio noise meter with a quasi¬ 
peak measuring circuit in the detector 
having nominal characteristics of a 1- 
ms charge and a 600-ms discharge 
time This instrument is designated 
as radio noise meter A in this paper. 
Rectangular-shaped pulses in the de¬ 
tector output were produced by modu¬ 
lating a radio-frequency signal generator 
with a pulse generator. The noise meter 
and the signal generator were tuned to the 
same frequency. The pulse width was 
measured with a radio receiver used as a 
pulse analyzer. 7 The pulse repetition 
rate was determined by comparison with 
an oscillator which was calibrated in fre¬ 
quency. Quasi-peak readings were made 
with the selector switch in the quasi-peak 
position. Peak voltage was measured by 
switching to the peak position and adjust¬ 
ing a bias voltage until the audible output 
of the noise meter was reduced to zero. 

This is called the slide-back method. The 

noise meter was then connected to a 
signal generator and the voltage of this 
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generator was adjusted to give the same 
instrument scale reading as the bias 
voltage. The signal generator voltage 
was then proportional to the peak volt¬ 
age of the pulse. Since the same calibra¬ 
tion applied in both cases, the ratio of 
quasi-peak reading to peak reading was 
equal to the pulse response ratio P. 

Tests were made only with 40-ms pulses 
because the maximum pulse width ob¬ 
tainable with the pulse generator used 
was about 40 MS* The measured width 
of the pulse used was approximately 41 
MS. The agreement between the calcu¬ 
lated values and the test values of pulse 
response for the 40-ms pulses is reasona¬ 
bly good in view of the approximations 
involved, such as neglecting distortion of 
pulse shape which may occur in the radio- 
frequency and intermediate-frequency 
stages of the noise meter. 

When the noise meter used is measur¬ 
ing actual noise pulses or steep wave 
fronts instead of pulsed carrier, the width 
of the pulses which appear in the detector 
circuit is determined by the bandwidth. 
Since the bandwidth of the instrument 
was about 6 kc, the pulses would be 
about 167 ms wide instead of 40. A 
calculated curve for 167-ms rectangular 
pulses is shown in Fig. 6 for comparison. 


SMI 

mm 


Comparison of Calculated Values 
with Test Values of Pulse 
Response for Radio Noise Meters 

Pulse response for radio noise under 
several conditions calculated from Table 
I was compared with the pulse response 
measured on four types of radio noise 
meters in common use. The results are 
shown in Figs. 7 through 10, on which 
pulse response is plotted against pulse 
repetition rate. The noise meters are 
designated as A, B, C, and D. The test 
points represent spot checks made by the 
author on one instrument of each type. 
Test curves are shown which were ob¬ 
tained in an investigation made at the 
University of Pennsylvania under con¬ 
tract with the Bureau of Ships, United 
States Navy. The curves, which were 
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Fig. 8. Response to pulse noise, instrument 
B. 10-ms charge; 600-ms discharge; 10-kc 
band 
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Fig. 9. Response to pulse noise, instrument 
C, 1-ms charge; 600-ms discharge; 160-kc 
band 

obtained from tests on several instru¬ 
ments of each type, are reproduced by 
permission of the Bureau from Progress 
Report No. 22.® 

Radio noise meter A, Fig. 7, has charac¬ 
teristics approximating those specified in 
the proposed ASA standard. 4 The nomi¬ 
nal constants are: charge time 1 ms, 
discharge time 600 ms;, bandwidth 6 
kc. The radio noise, which was meas¬ 
ured in the spot check tests and in the 
tests at the University of Pennsyl¬ 
vania, was produced by a pulse noise 
generator built according to a design de¬ 
veloped at Purdue University. The 
amplitude of noise and the repetition rate 
of the pulses produced by this generator 
are adjustable over a wide range. The 
calculations and the test data in Fig. 7 
are in reasonably good agreement. In 
most cases radio noise measurements are 
not expected to show better than 20-per¬ 
cent accuracy. The calculated values 
and test values of pulse response in Fig. 7 
differ by 10 per cent or less. 

Radio noise meter B, Fig. 8, was built 
according to recommendations of the 
Joint Coordination Committee in 1940. 8 
The nominal constants are: charge time 
10 ms, discharge time 600 ms; band¬ 
width 10 kc. As in the case of noise 
meter A, the agreement between cal¬ 
culations and test results is reason¬ 
ably good. The instrument used for 
the spot checks was not equipped with 
the slide-back circuit for peak measure¬ 
ments and therefore the peak value had 
to be determined from the calibrated noise 
output of the pulse generator and the 
measured bandwidth of the noise meter. 

The effect of the longer charge time of 
noise meter B may be seen by comparing 
Fig. 8 with Fig. 7. Noise meter A shows 
about three times as large a pulse re¬ 
sponse as noise meter B at 120 pulses per 
second. The ratio of the readings of the 
two instruments on the same noise 
10 source, however, is less than this because 
noise meter B has a somewhat larger 
lt bandwidth and the peak reading is 
tc directly proportional to bandwidth. Al¬ 
lowing for the bandwidths of 6 and 10 kc 





Fig. 10. Response to pulse noise, instrument 
D, 1-ms charge/ 600-ms discharge; 160-kc 
band 


respectively, the ratio of instrument read¬ 
ings becomes about 2 to 1. 

Radio noise meters C and D have 
characteristics approximating those speci¬ 
fied in another proposed ASA standard, 6 
which applies to frequencies above 20 
megacycles. The nominal constants are: 
charge time 1 ms; discharge time 600 
ms; bandwidth 160 kc. Fig. 9 applies 
to noise meter C and Fig. 10 to noise 
meter D. As in the case of the other 
two instruments, the agreement between 
calculations and test data is reason¬ 
ably good. The instrument D used for 
the spot checks was not equipped for 
making peak measurements by the slide- 
back method. Peak values were ob¬ 
tained from the calibration of the noise 
generator and the measured bandwidth 
of the instrument as in the case of noise 
meter B. This procedure did not allow 
for attenuation in the matching pad, 
which would have been detected by the 
slide-back measurement. This is proba¬ 
bly the reason for the relatively low 
values of pulse response shown by the 
test points in Fig. 10. 

Calibration of the Quasi-Peak 
Voltmeter 

In the basic circuit of Fig. 1 a measure¬ 
ment of the average voltage on the capac¬ 
itor C in the steady-state condition is 
required. It is assumed that the pres¬ 
ence of the voltmeter does not affect the 
resistance R%. In most radio noise 
meters the indicating instrument is a d-c 
voltmeter which is slightly underdamped 


and has a response time of about 300 
ms. The response time is the required 
time to come to apparent rest after an 
abrupt change in the applied voltage. 
The voltmeter which might include 
the resistance R% in its circuit could 
be calibrated with direct voltage by 
itself or through the input terminals 
shown in Fig. 1. In the latter case it is 
theoretically necessary to allow for the 
voltage drop in resistance 2?i. This is 
accomplished by multiplying the input 
voltage by p/p+1 where p is the ratio of 
discharge time to charge time. In most 
cases the value of p is at least 50, in which 
case the voltage drop in Ri is less than 2 
per cent. 

In the case of the radio noise meter the 
effect of amplification in the radio-fre¬ 
quencies and intermediate-frequency 
stages must be included in the calibra¬ 
tion. This is accomplished by impressing 
a sine wave voltage of the proper radio 
frequency on the input terminals of the 
noise meter. The detector output as 
applied to the voltmeter is substantially a 
direct voltage equal to the applied peak 
voltage multiplied by an amplification 
factor. This calibration is usually made 
in terms of rms voltage because radio sig¬ 
nals are usually measured in terms of the 
rms voltage of the carrier. To obtain 
the actual voltage impressed on the cir¬ 
cuit of Fig. 1 the signal generator rms 
voltage is multiplied by 1.41 times the 
amplification factor. It should be un¬ 
derstood that the rms voltage used for 
calibration has no direct relation to the 
rms value of pulse voltage at the detector 
which is discussed in the Appendix. 

Radio noise meters are usually cali¬ 
brated in rms microvolts for either quasi¬ 
peak or peak readings. The factor 1.41 
cancels out when the pulse response, which 
is the radio of quasi-peak to peak, is cali¬ 
brated. 

Conclusions 

1. It is practical to calculate the relative 
response to pulse type noise of different noise 
meters which measure quasi-peak value. 

2. Approximate calculations based on the 


nominal values of bandwidth and detector 
charge time and discharge time for several 
representative noise meters show reasonably „ 
good agreement with test data taken on 
those instruments. 

3. This analysis applies to several types 
of pulses which are significant to radio noise 
and are suitable for radio noise meter cali¬ 
brations. It does not apply to pulses which 
are unequal or random with respect to mag¬ 
nitude, recurrence rate, or both. 

4. This investigation contributes the first 
of the two steps necessary to the interpreta¬ 
tion of radio noise meter readings in terms 
of radio noise nuisance value. The first 
step correlates characteristic noise wave 
shapes with noise meter readings and this 
step is now quite clearly taken as disclosed 
in this paper. The second step correlates 
noise meter readings with annoyance to a 
listener. This second step should be given 
more attention at this time. 

Appendix. Quasi-Peak, Average, 
and Rms Values for Several 
Types of Waves 

Relation Between Quasi-Peak Voltage 

and Average of Pulsating Voltage 

Most radio noise meters provide for 
switching the detector output to a circuit 
for measuring "average” value. This cir¬ 
cuit is normally used for measuring radio 
signals, in which case the effect of modula¬ 
tion is eliminated and the radio-frequency 
carrier is measured. It has been suggested 
that average readings of pulse noise might 
be useful to supplement the quasi-peak 
readings. Therefore, it may be of interest 
to calculate the relation between average 
voltage and quasi-peak voltage as illustrated 
here for the case of rectangular pulses such 
as those of Fig. 2. The average voltage is 
equal to the area of the pulse divided by the 
time of 1 pulse cycle. The time of 1 pulse 
cycle is l/f P . Then the average voltage is 
given by the equation 

Vat—Rplafp (l7) 

Average values for different waves are 
compared in Table III. The ratio of 
average voltage to quasi-peak voltage is 
obtained by combining equation 17 with 
equation 4 which gives the relation 

~=taf v +- (18) 

Vgp p 

When the pulse width is short compared 
with the time of 1 pulse cycle the average 
reading is very small. For example, when 
measurements are made with an instrument 
having a 1-ms charge time and a 600-ms 
discharge time for the quasi-peak measure¬ 
ment, and a 40-jus pulse repeated 120 times 
per second is measured, the ratio of average 
to quasi-peak is 0.0065. 


Relation Between Quasi-Peak Voltage 
and RMS of Pulsating Voltage 

Although presently available radio noise 
meters do not measure the rms voltage in 


Table III. Comparison of Quasi-Peak, Average, and RMS Values 



Peak 

Quasi-Peak* 

Average 

RMS 

Square wave, half-cycles. 

. 1.00 _ 


.... 1 00 

1 00 

Sine wave, half-cycles.. 

.. 1.00 _ 


0 f!37 

n 707 

Envelope of 50 per cent modulated. 

Radio frequency wave, 120 cycles 
modulation frequency 

..1.50_ 

.i.47. 

_ 1.00 . 

.1.06 

107-ms rectangular pulse. 

120 pulses per second 

. 1 . 00 .... 

.0.92. 

.... 0.02 . 

.0.14 

40-ms rectangular pulse. 

120 pulses per second 

. 1 . 00 .... 

.0.74. 

_0.0048. 

.0.07 


♦Circuit of Fig. 1 with 1 ms for charging and 600 ms for discharging. 
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Fig. 11 (left). Envelope of 
detector output with tine wave 
modulation 


the detector output, it may be of interest to 
calculate the ratio of rms voltage to quasi¬ 
peak voltage. The measurement of rms de¬ 
tector voltage would require a special type 
of voltmeter since the dynamometer type is 
not suitable for this application. It does 
not appear at this time that such an addi¬ 
tion would serve a useful purpose. 

The rms value of the rectangular pulse is 
obtained by plotting the curve of Fig. 2 
with the voltage squared, dividing the area 
by the time of 1 pulse cycle, and taking the 
square root of the quotient. Expressed as 
an equation, this becomes 

Vrms =x ^p'^/^afp ( 19 ) 

where 1 //„ is the time of 1 pulse cycle. 

Rms values for different waves are com¬ 
pared in Table III. The ratio of rms value 
to quasi-peak value from equations 4 and 20 
is 


Vrms 

Vqv 


V ‘ J ’ + ,VZf, 


( 20 ) 


In the case of the 40-/as pulse with a 120- 
cycle repetition rate used to illustrate the 
average value, the ratio of rms voltage to 
quasi-peak voltage is 0.093 when p=600 
for the quasi-peak measurement. 


Quasi-Peak Value of Sine Wave 

Modulated Radio-Frequency Voltage 

The quasi-peak circuit of the radio noise 
meter is not ordinarily used to measure 
modulated signals. However, it may be 
useful to know the effect of modulation at 
audio-frequencies such as 400 cycles. An 
analysis of the effect of such modulation on 
quasi-peak readings is given here. 

The envelope of the output of the rectifier 
A in Fig. 1 when a modulated high-fre¬ 
quency voltage is applied to the input 
terminals is shown in Fig. 11. When the 
steady-state condition is reached, the recti¬ 
fier output voltage exceeds the capacitor 
voltage during the interval — h to h where 


the zero point is at the peak of the modu¬ 
lated wave. During this interval (see 
shaded area in Fig. 11) the capacitor re¬ 
ceives a charge to make up for the loss dur¬ 
ing the discharge period, which is approxi¬ 
mately equal to 1/f where f is the modula¬ 
tion frequency. 

Proceeding as in the analysis of pulses and 
equating the voltage increment to the volt¬ 
age decrement we obtain a relation between 
quasi-peak readings and peak readings. . If 
P m represents the response to modulation 
which corresponds to the factor P for pulses, 
we obtain the equation 


P m 

(1 -Pm) ,/a 



( 21 ) 


In this equation p is the ratio of discharge 
time to charge time as before and m is the 
modulation factor which ranges from zero to 
1.0. Equation 21 becomes indeterminate 
when m is zero but gives definite results for 
the usual modulation factors of 0.3 and 0.5. 
For smaller modulation factors conditions 
approach those of an unmodulated earner 
wave which is discussed m the section on 
calibrations. 

The similarity may be noted between 
equations 21 and 15 for rounded pulses. 
The graphical method of Fig. 4 may be used 
to obtain values of P«. The curve for 
n = 1.5 is used and the factor A is the recip¬ 
rocal of the right-hand member of equation 
21. For this case it will be necessary to 
enlarge the chart or at least the lower right- 

hand portion. , , „ 

The curves of Fig. 12 cover the full range 
of conditions likely to be encountered in 
most situations. It may be noted that the 
quasi-peak reading is within 10 per cent of 
the peak value and that there is little differ¬ 
ence between the curves for 0.3 and 0.5 
modulation (30 to 50 per cent). Modula¬ 
tion frequency within the range of about 20 
to 1,000 cycles is not a factor.. In the case 
of the radio noise meters considered in this 
investigation, the value of p is 600 for noise 
meters A, C, and D, and 60 for noise meter 



Fig. 12. Response to quasi-peak voltmeter 
to radio frequency with sine wave modulation. 
The curves apply to any modulation frequency 
in the range of 20 to 1,000 cycles 


B. Measured values of Pm for noise meters 
A and B using 0.3 modulation agree with 
the calculated values within the accuracy of 
the measurements. 


References 


Measurements Pertaining to the Co¬ 
mbination of Radio Reception With Power 
apparatus and Systems, C. M. Foust, C. w. 
trick. AIEE Transactions (Electrtcal Engmcer- 
ng), vol. 62, June 1943, pp. 284-91. 

!. A Study of Wave Shapes for Radio Nome 
Meter Calibrations, C. W. Frick. AIEE 
rransartions, vol. 64, 1946, pp. 890-901. 

$ Methods of Measuring Radio Noise Joint 
Coordination Committee on Radio ®* C *P**°“. °? 
Edison Electric Institute—National Electrical 
Manufacturers Association—Radio Manufacturers 
Association Report. EEI Publication No. C9, 
mUPaSSkm NO. 107, RMA Engineering 
Bulletin No. 32, New York. N. Y., 1940. 

i Proposed American Standard for a 
Noise Meter, 0.015 to 25 Megacycles/Sec¬ 
ond. ASA Publication No. C63.2,NEMA Publt 
cation No. 102-1950, RTMA Engineering Bulletin 
No 32-A, New York, N. Y., 1950. 

5. Proposed American Standard for a R*M0 
Noise and Field Intensity Meter, 20 to 1,0W) 
Meoacycles/Sbcond. ASA PwHMrtog No. C63 3 
NEMA Publication No. 131-1952, ^MA g 
neering Bulletin No. 41, New York, N. Y., 1952. 

6 Report of the Meeting of the Group op 
Experts. Report Number (*•*•)«. 

Electrotechnical Commission, InternationalSpecial 
Committee on Radio Interference, London, Eng 
land, May 19*22, 1936. 

7 Pulse Response of Diode Voltmeters, A. 
Easton. Electronics, New York, N. Y., vol. 19, 
Jan. 1946, pp. 146-49. 

8 The Communications Receiver as a Wave 
Analyzer, Arnold .Peterson. General Rod™ 
Experimenter, Cambridge, Mass., vol. 18, Jan- 
1944, pp. 1-4. 

9 Investigation of the Measurement of 
^Progress Report No. 22, University of 
VannovIVATlia. PhllfidClplU&» 


Discussion 

Alfred Eckersley (Moore School of Electrical 
Engineering, University of Pennsylvania, 
Philadelphia, Pa.): The state of the art 
of radio-interference measurement has been 
advancing considerably in the last few years, 
but published information on the subject is 
still very meager. Any contribution to the 
literature is therefore very welcome. 

At the Moore School, we have made an 
an analysis of the quasi-peak detector cir¬ 
cuit response to pulses, as shaped by the 
hand-pass characteristic of a radio-noise 
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meter. This was done both by a graphical 
method and an analytical one. The latter 
was based partly on the work of Burgess. 
The solutions we obtained have a form very 
similar to those given in the paper. It is 
worth while pointing out, however, that 
certain improvements can be made on the 
method of solution used in this paper 
which will improve the accuracy of the final 

result. . . . 

First, the author has taken the envelope 
function of the pulse as the voltage which 
causes the diode to conduct. Actually, 
the sinusoid within the envelope should 
be considered the driving function; this 
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would cause a considerable difference in 
the amount of charge acquired by the ca¬ 
pacitor during the conducting period. . 

Second, the envelope function (Fig. 6J 
is not the correct one. The response of 
casacaded tuned circuits to an impulse has 
an envelope that is similar to a normal dis¬ 
tribution curve, rather than the sin x/x 
curve, which applies to an idealized rec¬ 
tangular filter. If these factors are taken 
into account, Fig. 5 would be replaced by 
Fig. 13. This wave form has been observed 
in noise meters at the detector input. 
The effective width of this pulse envelope 
i.e., the width of a rectangle with the same 
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Fig. 13. Fig. 5 revised 


peak value) is approximately the reciprocal 
6-decibel bandwidth of the meter. It 
should be noted that if the actual envelope 
is replaced for convenience in analysis by 
some other shape there is necessarily some 
error involved. Replacement by the equal 
area pulse does. not make the error zero, 
or necessarily small. 

The inverse bandwidth of the meter 
is the minimum plus, envelope duration 
that can be obtained at the detector input. 
Excitation with long rectangular carrier 
pulses will produce the rectangular envelope 
considered by the author; the rise time is, 
however, still dependent on the bandwidth. 
Thus, in Fig. 6, the 167-jus curve is the more 
correct one to apply. The reason for dis¬ 
agreement with the measured values is 
thought to be the approximations employed 
in this paper. 

A clarification of the terminology used in 
connection with quasi-peak detector time 
constants, which are mentioned in the be¬ 
ginning of the paper, may be in older. 
The ASA Specification C63.2 (ref. 4 of 
the paper) requires a 1-ms charge time and 
a 600-ms discharge time for the quasi-peak 
detector in a noise meter. In terms of the 
quantities on Fig. 1, the charge time may 
be shown to be approximately 3.6 RiC; it 
is defined as the time taken for the rectified 
voltage to reach 63 per cent of its final 
value after the application of a step sinu¬ 
soid to the detector. This contrasts with 
the charge time constant RiC, the factor of 
3.6 being obtained by consideration of the 
fact that the detector only charges during 
positive half-cycles of the sinusoid, according 
to a law which is only approximately ex¬ 
ponential. The discharge time constant is 
R^C. Thus, for a l-ms-600-ms circuit, 
Rt/Ri is approximately 2,000. 

In conclusion, I would agree strongly with 
the author that an important problem 
remaining in this field is the scientific in¬ 
vestigation of the relation between noise 
meter readings and relative interference 
effect. The difficulties in the attack on 
this problem are large. They include the 
diversity of communications systems (and 
their interference susceptibilities) and the 
question of quantitative definition of in¬ 
terference with the intelligence being re¬ 
ceived. 

Reverence 

1. The Response of a Linear Diode Voltmeter 
to Senole and Recurrent Impulses of Various 
Shapes, R. F. Burgess. Proceedings, Institution of 
Electrical Engineers, London, England, vol. 95, pt. 
Ill, March 1948, pp. 106-10. 
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James M. McCutchen (Rural Electrification 
Adminis tration, Washington, D.C.): The 
author is to be congratulated on his develop¬ 
ment of the method of correlating the read¬ 
ings of the different noise meters on pulse- 
type noise. The variations in wave shape 
have led to errors in meter interpretation; 
this has caused considerable confusion when 
attempts are made to compare readings of 
different instruments. Two major points 
are yet to be covered, however, in that 
many types of pulse interference which 
originate particularly in power-line ap¬ 
paratus are unequal or random with respect 
to magnitude and repetition rate. A 
rod-to-plate type of discharge particularly 
shows this random magnitude effect as 
the ionization path transfers around the 
outside end of the rod because of magnetic 
and thermal effects in the arc. Further 
effort might be made in this direction to 
solve some of the problems in comparing 
measurements on these types of noise 
sources. 

Recordings which we have made on this 
type of noise on variable area movie sound 
track show these pulse effects which vary 
both in rate and amplitude. Of course, 
the galvanometer mirror used in the re¬ 
cording apparatus has some effect in over¬ 
shoot of these pulses, but not to the extent 
shown on the recordings. This type of 
random variation makes reading compari¬ 
sons difficult. These variations will have 
considerable bearing too on the evaluation 
of the nuisance value of noise to the listener 
which needs further investigation; the 
author has pointed out the need of further 
work in this field. I believe that this part 
of the investigation might include the 
effects of the poor transient response and 
overshoot of the audio section and loud¬ 
speaker of the home receiver where the 
damping of these speakers is considerably 
less than ideal. These effects tend to ex¬ 
aggerate the pulse-type interference over 
that of sine-wave interference and may 
lead to assigning a higher "nuisance multi¬ 
plier” to the pulse type of interference. 


W. E. Pakala and D. C. Fahrnkopf (West- 
inghouse Electric Corporation, East Pitts¬ 
burgh, Pa.): This paper will be very useful 
to those making radio noise measurements. 
It will also be eductional in that the quasi¬ 
peak function of radio noise meters which is 
considered and analyzed here has not been 
sufficiently publicized. 

It is one purpose or objective of radio noise 
studies to be able to correlate radio noise 
instruments and measure noise so that 
results can be used to determine the inter¬ 
ference effects to communication. With 
instrument A of the paper it is possible to 
measure both the quasi-peak and peak 
values and to obtain a measured pulse re¬ 
sponse for any particular type of radio 
noise. Unfortunately, no analytical means 
is available as yet for obtaining the net 
effect on a particular form of communica¬ 
tion. 

Only by comprehensive listening and 
viewing tests can the effect or nuisance 
value of any one type of noise be determined. 
Listening tests were made several years ago 
in the United States and Canada with 
meters having various time constants, 
and viewing tests have been made in Canada 
within the last 3 years using several types 
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of noise sources. We agree with the author 
that more attention to the correlation of 
meter readings with annoyance to listener 
or viewer is necessary. This work should * 
include the latest instruments which will 
measure peak as well as quasi-peak values 
and which are built according to references 
4 and 6 given in the paper. The subjective 
effects of most of the radio noise producing de¬ 
vices should be determined. Comprehensive 
tests and careful analysis may prove to be 
quite illuminating and narrow down the 
problem more than one would expect. 

The ratio of instrument reading on the 
two noise meters A and B of about two to 
one has been our experience when measuring 
interference from a 60-cyde source where 
noise pulses on 1/2 cycle give 120 pulses per 
second. The average of many readings has 
given a ratio slightly higher, about 2.1, 
which checks very well. 

At very low or intermittent pulse rates, 
it is almost impossible to obtain a consistent 
usable reading because of meter fluctua¬ 
tions on quasi-peak. Under these condi¬ 
tions it is preferable to read the peak value 
in order to better evaluate the radio noise 
source or the degree of interference. 


H. L. Rorden (Bonneville Power Adminis¬ 
tration, Portland, Oreg.): The quasi-peak 
voltmeter described is of particular interest 
and is a very welcome contribution to in¬ 
vestigators who have spent much time and 
effort attempting to better understand the 
causes and effects of radio noise, as well as 
other phenomena associated with corona. 
The difficulties of obtaining realistic test 
data in the study of radio noise have been 
further increased by lack of an adequate 
instrument to be assured that results are 
comparable to conditions in service. Not 
only have instruments been limited in their 
ability to read crest voltages at the higher 
frequencies but because of their sensitivity 
they have been subject to a wide tolerance, 
resulting in data that are difficult to pin¬ 
point. If indicated data differ from the 
true audible noise produced in radios, a 
false sense of security may result. 

This paper should be of considerable 
value to the power transmission equipment 
engineer in assisting his analyses of readings 
taken with one of the radio noise meters. It 
should also receive serious consideration in 
committees reviewing standards for the 
measurement of radio noise. 


C. W. Frick: 1 wish to thank the discussers 
for their contributions. It is gratifying to 
note that they recognize the usefulness of 
the data presented and the need for further 
work on the correlation of radio noise meas¬ 
urements with the effects on communica¬ 
tion. 

Mr. Eckersley questions the use of the 
envelope function to represent the detector 
output of the radio noise meter. If we 
disregard the fine structure, the envelope 
shows the pulse shape. One purpose of 
the paper was to show the effect of pulse 
shape on the quasi-peak reading. If 
pulses of the shapes shown by Figs. 2, 3, 
and 6 are applied to the circuit of Fig. 1. 
the ratio of quasi-peak to peak is as cal¬ 
culated. The application of this analysis 
to the radio noise meter is, of course, 
subject to other considerations. 
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There is some similarity between radio 
noise and telephone noise that may be 
caused by power apparatus. In the early 
days it was considered almost hopeless to 
calculate telephone noise. However, by 
fairing the most significant factors, com¬ 
paring calculations with test data, and in¬ 
cluding other factors as necessary, "short¬ 
cut" methods have been developed which 
are useful at least for estimating purposes. 
Radio noise seemed even more difficult to 
treat by calculation. This was not because 
there were more factors but rather because 
the factors involved were not so well under¬ 


stood. Again, by taking the most sig¬ 
nificant factors the radio noise produced by 
a square wave generator or a pulse generator 
nas been calculated approximately. 

At first the detector output of the radio 
noise meter was treated^ as a rectangular 
pulse. There was apparent agreement with 
tests with the earlier radio noise meters 
which had the slower charge time. When 
the newer instruments which have the 
faster charge time were tried, there was 
disagreement between calculations and 
tests, and the calculation was improved by 
using 1 the pulse shape shown in Fig. 5. 


Mr. Eckersley’s discussion indicates that 
an analysis has been made which takes into 
account other factors. These results should 
further improve the method and it is hoped 
that they will be published soon. 

Mr. McCutchen points out that radio 
noise produced by power apparatus may be 
subject to irregularity as to magnitude and 
repetition rate. I believe that even so 
the concept of pulse noise helps us to under¬ 
stand the causes of radio noise. However, 
it should be realized that in the present 
state of the art the evaluation of radio 
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T his paper describes a magnetic ampli¬ 
fier developed to meet the need for a 
versatile, reliable, easily reproducible 
operational component for a low-level 
servo-control system. The subject am¬ 
plifier also exhibits unusual stability, 
linearity, and freedom from drift, which 
are requirements of prime importance in 
this particular application. 

The most useful feature of this circuit 
is that it satisfies, within the limitation 
of its passband, the requirements for an 
operational element in feedback control 
systems, i.e., it can be used to perform 
various functions or operations without 
imposing its own characteristics on the 
system. It has made possible the design 
of a single basic amplifier with fixed stand¬ 
ard components and it is used to per¬ 
form such varied functions as m i xin g 
signals, changing impedance, adjusting 
gains, and driving hydraulic control 
valves. This basic "building block” 
amplifier lends itself admirably to quan¬ 
tity production techniques. Sufficiently 
fast response and light weight have been 
achiev ed through the use of a 900-cyde 
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power source, which in this particular ap¬ 
plication is specified by the requirements 
of associated subsystems. Output powers 
of the order of 100 milliwatts with power 
gains of 200 to 300 are typical. 

Basic Theory of Operation 

The so-called operational magnetic 
amplifier as developed for air-borne servo- 
control systems is shown in its most basic 
form in Fig. 1, and in equivalent block 
diagram form in Fig. 2(A). This circuit 
utilizes a familiar basic principle first 
applied to magnetic amplifiers by Geyger 
in his self-balancing potentiometer type 
of circuit. 1 The addition of compound 
feedback and a novel stabilized self-bias 
circuit Nt, to a basic self-saturating ampli¬ 
fier produces an amplifier having operat¬ 
ing characteristics not normally obtaina¬ 
ble with magnetic circuits. 

The use of positive feedback gives this 
{amp'll fip.r an effectively infinite internal 
gain which is stabilized by an adjustable 
external negative feedback. As a result 
of compound feedback arrangement 
the control winding N e has only a tran¬ 
sient control over the circuit. Consider, 
for example, the application of a control 
current I c which causes a control coil cur¬ 
rent to flow, producing a differential out¬ 
put voltage. This output produces^ a 
negative-feedback current which is in¬ 
troduced directly into the control winding 
through Rs to buck out the control cur¬ 
rent. In the final equilibrium condition 


the control coil current is essentially zero 
and a new input and output level is es¬ 
tablished, with the d-c control ampere- 
turns necessary to maintain this level 
supplied by the positive feedback wind¬ 
ing Nf. It is apparent that if the control 
coil current is zero, the input voltage is 
zero and the output voltage J2 0 is given by 
the relationship 

Eo^IcR, (1) 

It can therefore be seen that the gain of 
the circuit is a linear function of R a and 
the input impedance is effectively zero. 
The fact that the output voltage is regu¬ 
lated to J e R, makes it virtually hide- 
pendent of load impedance. A simple 
change in the negative feedback configura¬ 
tion, Fig. 2(B), permits the output cur¬ 
rent I 0 to be regulated such that 

I 0 =I C (R,+R p )/Rp (2) 

In this case the output current is virtually 
independent of load resistance. 

It is the combination of extremely low 
input impedance and a linear gain func¬ 
tion that has prompted the classification 
of this device as an operational amplifier. 
It can be seen from Fig. 2(A), e.g., if jthe 
input impedance is effectively zero 

Eo=R*(h+IM+-.-) ot ’ & 


E 0 =R s (E l /R 1 +E2/Rz+Et/R*+ ■■•) ( 4 > 

The fact that the basic amplifier with¬ 
out the negative feedback path provided 
by R s is truly an infinite-gain device is 
interesting as it represents the "ideal’’ 
100-per-cent feedback magnetic ampli¬ 
fier. This suggests that the conventional 
self-saturating circuit, wherein the gain is 
less than infinite owing to an effective 
negative feedback which is dependent on 
the magnetic characteristics of the reactor 
cores, leakage reactance, rectifier leakage, 
e?r may reasonably be considered a 
"nominal” 100 -per-cent feedback ampli¬ 
fier. In effect, the positive feedback 
around the basic amplifier unit in the 
operational circuit is adjusted to com¬ 
pensate for these variable factors which 
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Fig. 1. Basic operational amplifier circuit diagram, voltage output type 


would otherwise decrease the maximum 
available gain. The subsequent addition 
of negative feedback to the basic infinite- 
gain amplifier permits predictable opera¬ 
tion at all gains from infinity to zero. 

Nomenclature 

£<,=» average differential output voltage 
22,=* effective power supply voltage 
7 C —average control (signal) current 
"average differential output current 
number of turns in bias winding 
2Vc=number of turns in control winding 
Nf*= number of turns in positive feedback 
winding 

Nx " number of turns in load winding 
J?6"bias adjusting resistor 
J?/=» positive feedback adjusting resistor 
signal generator resistance 
Rm =mixing resistor 

R p *= negative feedback current-dividing re¬ 
sistor 

Rt "negative feedback adjusting resistor 

General Operating Characteristics 

In a practical circuit the idealized op¬ 
erating characteristics can only be ap¬ 
proached. As a result of the inherent 


nonlinearities in the reactor characteris¬ 
tics, the positive feedback winding N f 
cannot supply exactly the ampere-turns 
required to attain an infinite internal gain 
over the entire working range of the am¬ 
plifier. Since it is necessary for the con¬ 
trol windin g to provide the residue of 
ampere-turns, it is therefore impossible 
for the control coil current to be exactly 
zero at all output levels. The error in 
applying equations 1 and 2 can be pre¬ 
dicted on the basis of the ratio of control 
coil current to control current I c . The 
allowable error imposes a practical limi¬ 
tation on the maximum usable gain. In 
fact, as is the case with any simple self- 
saturating circuit, the stability and 
linearity of the operational circuit are 
directly dependent on the amount of nega¬ 
tive feedback. 

Although the gain of this circuit is in¬ 
dependent of the number of control turns, 
it is desirable in the interest of optimum 
linearity to use as many turns as the re¬ 
quired response time will permit. In this 
way, the inevitable residue of compensat¬ 
ing ampere-turns which must be sup¬ 


plied by the control circuit will require a 
minimum of current from that source, 
resulting in a minimum error in the ap- * 
plication of equations 1 and 2. The use 
of the greatest possible number of control 
turns has the important added advantage 
of improving the stability by providing 
for a maximum of negative feedbadk am¬ 
pere-turns. 

This amplifier is extremely stable and 
quite insensitive to sizable changes in 
supply voltage and frequency, and to 
large temperature variants. This sta¬ 
bility is achieved by two methods. First, 
the amplifiers are usually operated with 
sufficient negative feedback to fix the gain 
at a value less than that of the basic self- 
saturating circuit. The fact that the 
negative feedback is derived from a dif¬ 
ferential output makes its use especially 
advantageous in the reduction of zero 
drift. Secondly, the self-bias is derived 
from the negative feedback stabilized 
voltage across each mix resistor R m and 
therefore its dependence on supply regu¬ 
lation and changes in rectifier leakage is 
very small. Finally, there is a negative 
feedback inherent in the biasing action. 
Any tendency toward a change in the 
output of either half of the circuit pro¬ 
duces a bias opposing such a change. 
This negative feedback operating on the 
individual halves of the circuit also mini¬ 
mizes to a great extent the dissymmetry 
normally introduced by mismatch be¬ 
tween pairs of cores. The nonlinearities 
usually introduced by mismatch between 
the individual cores in either half of the 
circuit are greatly reduced by the addi¬ 
tion of a shunt resistor across each pair of 
bias windings to provide a low-impedance 
coupling path. 

These two effects, the inherent nega¬ 
tive feedback in the bias circuit and the 
action of the coupling circuit, are illus¬ 
trated in Fig. 3. The transfer charac¬ 
teristic curve A was obtained with poorly 
matched cores in a simple self-saturating 



Fig. 2. Operational amplifier block diagram 

A—Voltage output type B—Current output type 
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CONTROL CURRENT I c IN MILLIAMPERES 

FiS. 3 (above). Transfer characteristics for a self-saturating 
amplifier having mismatched cores 

A—Fixed bias 

B—Fixed bias and low-impedance coupling 
■ q —Self-bias and low-impedance coupling 


circuit with fixed bias; see Fig. 4(A). 
The addition of a low-impedance coupling 
path, Fig. 4(B), yielded the improve¬ 
ment in linearity illustrated by curve B. 
A self-bias circuit was added, Fig. 4(C), 
which corrected the dissymmetry evident 
in curve B and resulted in the linear, 
symmetrical transfer characteristic curve 

c. 

As a result of all these compensating 
features the output of this type of ampli¬ 
fier has, for most applications, an almost 
negligible dependence on core matching, 
rectifier leakage, supply voltage and fre¬ 
quency, and temperature (within the 






■IE! 


fig. 4 (below). Circuit diagrams of amplifiers 
«ned in illustrating compensation for core mis¬ 
match 




limitations of the rectifiers). It is fur¬ 
ther possible with this circuit to approach 
closely the transfer characteristic of an 
ideal amplifier, i.e., good linearity with a 
sharp saturation and an essentially con¬ 
stant value thereafter. 


A—Simple self-satu¬ 
rating amplifier 
B—Self - saturating 
amplifier with low 
impedance coupling 
C—Self - saturating 
amplifier with low 
impedance coupling 
and self-bias 



Fig. 5. Circuit diagram of a magnetic opera-, 
tional amplifier to drive an electrohydraulic 
control valve 


An Application 

Fig. 6 shows the circuit diagram for an 
operational amplifier of the current out¬ 
put type designed to drive a hydraulic 
valve and motor in an air-borne servo- 
control system. With only minor 
changes in the negative feedback loop this 
s q inp circuit is used to mix error rate, ac¬ 
celeration, and command signals, and to 
provide various linear and nonlinear gain 
change functions. 

The reactor is constructed of four 
matched Hymu 80 tape-wound toroids. 
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This material has been selected because 
of its low magnetizing ampere-turns and 
more rounded magnetization-curve 
characteristic to avoid some of the bi¬ 
stable conditions associated with more 
sharply saturating alloys. An extremely 
low leakage type of rectifier has been 
selected to minimize the effect of changes 
in leakage with temperature. While the 
new type of self-bias makes the circuit 
insensitive to sizable changes in rectifier 
leakage, the zero drift requirements in 
this particular application are so stringent 
that every source of possible drift has to 
be minimized. In fact, it has been found 
desirable to age the rectifiers at an ele¬ 
vated temperature while passing rated 
current to stabilize their leakage charac¬ 
teristics. 

An isolation transformer T\ is used to 
permit the operation of stages in cascade 


from a single grounded power supply. 
The mixing resistors Rj are shunted with 
capacitors to give a more s ymme trical 
response to rise and decay transients, and 
to linearize the static transfer charac¬ 
teristic. The bias windings N b are 
shunted with resistors R% to provide the 
coupling necessary for linearity and a re¬ 
sultant good infinite-gain characteristic. 
Since the positive feedback required to 
attain an infinite internal gain is depend¬ 
ent on the slope of the basic self-saturat¬ 
ing transfer characteristic, some manu¬ 
facturing adjustment is necessary to take 
into account normal differences between 
reactors. This adjustment is provided 
by means of R* shunting i^inthe positive 
feedback path and can easily be made by 
checking for minimum control coil cur¬ 
rent over the operating range of the am¬ 
plifier. A potentiometer R* provides for 


zero balance while R 6 fixes the bias level 
at the proper value. The current gain 
of the circuit, as determined from equa¬ 
tion 2, is fixed by Ri and R# such that 

T'/Ic-iRt+RMR, (5) 

The electrohydraulic control valve is 
represented by R& in the circuit diagram. 
Since the copper valve-windings are im¬ 
mersed in hydraulic fluid, their resistance 
is a function of the fluid temperature. 
The fact that this load resistance is a 
variable makes the current output-type 
operational amplifier ideal in this applica¬ 
tion. 

Results 

Experimentally determined operating 
characteristics are presented in Figs. 6 
through 12. The static transfer charac- 



Fig. 7. Static transfer characteristic for the valve amplifier at various 
gain levels 


Fig. 9. Output current versus power supply voltage with control 
current as a parameter 
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OUTPUT CURRENT I 0 IN MA OUTPUT CURRENT I 0 IN MA 



LOAD RESISTANCE Re IN OHMS 



SUPPLY FREQUENCY IN CYCLES PER SECOND 


Fig. 10 (left). 
Output current 
versus power sup¬ 
ply frequency 
with control cur¬ 
rent as a param¬ 
eter 


Fig. 11 (left). 

Output current 
versus load re¬ 
sistance with 
control current as 
a parameter 


Fig. 12 (right). 
Transient re¬ 
sponse to a 
square voltage 
pulse with signal 
generator resist¬ 
ance of 

A —500 ohms 
B—1,000 ohms 
C—2,000 ohms 



teristic for this circuit with a load re¬ 
sistance R& of 500 ohms is shown in Fig. 6. 

In this application it is necessary to have 
a sharp saturation, with the output re¬ 
maining very nearly constant at the sat¬ 
uration level in the presence of large 
oversignals. Actually the output drops 
less than 10 per cent with an oversignal of 
10 timpR that required for saturation. It 
should be noted that although the gain of 
the circuit is very nearly independent of 
load resistance the saturation level is not. 
The circuit is therefore designed to give 
the proper maximum output level with 
that load resistance, 600 ohms, corre¬ 
sponding to normal hydraulic fluid tem¬ 
perature. The design current gain of 
this circuit is 14.3 and the saturation level 
is 11 milliamperes. This typical ampli¬ 
fier has less than 0.4-per-cent nonlinearity 
in the range 0 to 7 milhamperes’ output 
with less than 6-per-cent nonlinearity at 
the nominal 10-milliampere level. 

Although the original circuit does not 
require a gain change, Fig. 7 illustrates 
that this feature is easily provided. The 
dotted lines indicate theoretical charac¬ 
teristics predicted on the basis of equa¬ 
tion 5 in which Ri is the variable. Curve 
5 falls exactly on the predicted charac¬ 
teristic. 

The fact that this amplifier has an es¬ 
sentially infinite internal gain is shown by 
Fig. 8. The input impedance of this cir¬ 
cuit is dependent on the magnitude of the 
control coil current, and is less than 1 


ohm in the range 0 to 9 milliamperes’ out¬ 
put. In other applications the working 
range of the amplifier is limited to a 
smaller portion of the total dynamic range 
and an even more nearly ideal infinite- 
gain characteristic is attained. 

Figs. 9 a n<l 10 show the effect of sup¬ 
ply regulation on the amplifier, wherein 
normal supply voltage and frequency are 
10 volts and 900 cycles per second. Per¬ 
haps the most important point to be con¬ 
sidered here is the effect of supply regula¬ 
tion on the zero balance. In this circuit 
the zero error is less than 0.2-per-cent 
with 10-per-cent regulation of supply 
voltage or frequency. With 20 -per-cent 
regulation the zero error is less than 0.4 
per cent. The experimental data pre¬ 
sented in Fig. 11 show that the current 
gain of the circuit is virtually independent 
of load resistance. 

The allowable zero drift in this ampli¬ 
fier is very small and, as previously stated, 
every effort has been made to design a cir¬ 
cuit in which this requirement is satis¬ 
fied. The zero drift with temperature is 
less than 0.1 per cent in the range 20 
to 60 degrees’ centigrade. The transient 
response of this circuit to a step-voltage 
input is shown by the oscillograms in Fig. 
12. The applied signal is a square pulse 
of voltage whose peak value is sufficient 
to give an output level equal to one-half 


of the maxim um. It has been determined 
that in this range the transient variation 
in peak output current is a good measure 
of the variation in average output current. 
In Fig. 12(A), the signal generator re¬ 
sistance R 0 is 500 ohms, and the 63-per¬ 
cent rise and decay times are respectively 
6 cycles and 9 cycles of the 900-cycle car¬ 
rier. When R g is increased to 1,000 ohms, 
Fig. 12(B), the rise and decay times be¬ 
come 4 and 6 cycles respectively. A fur¬ 
ther increase to 2,000 ohms, Fig. 12(C), 
results in a rise time of 3 cycles and a de¬ 
cay time of 4 cycles. 


Lve Amplifier Component 

Specifications 

actor cores: Hytnu 80 0.001-inch tape- 
wound toroids, 1/2 by 3/4 by 1/8 
inches 

actor windings: . 

Load winding, N x —600 turns, no. 36 wire 

Control winding, N c —400 turns, no. 36 
wire 

Feedback winding, Nj —100 turns, no. 36 


Transformer core: Hipernik V 0.002-inch 
tape-wound toroid, 5/8 by 3/4 by 
3/16 inches 

Transformer windings: 

Low-voltage winding—400 turns, no. 34 


wire 

High-voltage winding—1,400 turns, no. 
34 wire, center tapped 
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Rectifiers: One-cell selenium, 30 tnilli- 
amperes rated, Westinghouse 12G11- 
KE 1 C 

Ri: 1,330 ohms 
Rt: 180 ohms 
R 3 : 4,700 ohms 

R 4: 2,700 ohms, chosen experimentally 
R 6 : 3,000 ohms 
Ri: 500-ohm potentiometer 
Rj: 220 ohms 

R&: hydraulic valve coil resistance, nomi¬ 
nally 500 ohms 
i?»: 100 ohms 
Ci: 0.5 microfarad 
C 2 : 2 microfarads 

E s : 10-volt 900-cycle power supply 

Reference 

1. Magnetic Amplifiers of the Self-Balancino 
Potentiometer Type, W. A. Geyger. AIEE 
Transactions, vol. 71, pt. 1,1952 (Jan. 1953 section), 
pp. 383-95. 


♦- 


Discussion 

W. F. Horton and R. O. Decker (Westing- 
house Electric Corporation, East Pitts¬ 
burgh, Pa.): We should like to express 
appreciation to the author for presenting 
an interesting and useful paper. In part 
it confirms the results of other investigations 
of magnetic amplifier stability over wide 
environmental ranges. In general we have 
found that the full-wave push-pull self- 
saturating amplifier can be designed to 
operate with very low drift despite changes 


in ambient temperature, supply voltage, 
and frequency; typical ranges of variation 
of temperature —55 to +71 degrees centi¬ 
grade, supply voltage ±10 per cent of 
nominal, and supply frequency ±5 per cent 
of nominal. As the author states, even 
when using the best available components 
in the amplifier effective drift minimization 
requires that the amplifier gain be fixed 
at a value less than that of the basic self- 
saturating circuit by means of negative 
feedback. With reference to Fig. 7, we 
should be interested in knowing the net 
feedback ratio at each gain level shown. 

The author’s definition of an operational 
amplifier described in the section titled 
“Basic Theory of Operation” is somewhat 
restrictive. This definition is limited to 
the performance of algebraic functions in a 
system. We believe that a broader and 
more valuable definition should include 
the performance of these functions plus 
operations in the frequency domain. By 
the addition of frequency sensitive elements 
in series or in feedback loops it is possible 
to provide system frequency compensation 
with such an amplifier. In this way the 
amplifier imposes its characteristics on the 
feedback control system with beneficial 
results. 


R. M. Hubbard: I wish to thank Mr. 
Horton and Mr. Decker for their discussion. 
Before answering their important question 
concerning the net feedback ratios asso¬ 
ciated with the several gain levels shown 
in Fig. 7, I should like to point out that a 
straightforward calculation of these ratios 
involves the determination of several 
feedbacks: The positive self-saturating 


feedback produced by the rectifiers in 
series with the load windings; the positive 
feedback introduced by the coupling 
circuit, see Fig. 3; the negative feedback 
inherent in the bias circuit; the differential 
positive feedback added to raise the ampli¬ 
fier gain to infinity; and the stab ilisin g 
negative feedback which fixes the amp lifier 
gain level. It seems advisable, therefore, 
to answer this question instead by compar¬ 
ing the resulting net feedback ratios for the 
curves of Fig. 7 with that of a reference 
circuit comprising a simple, fixed-bias 
self-saturating amplifier with no coupling 
circuit. The ratios of the net feedbacks 
for curves 1 through 5 of Fig. 7 to that of 
the reference circuit are as follows: 

No. 1, 1.00 
No. 2, 0.99 
No. 3, 0.98 
No. 4, 0.96 
No. 5, 0.93 

The definition of an operational amplifier 
is not intended to exclude operations in 
the frequency domain even though the 
examples given involve only performance 
of algebraic functions. The point to be 
made is that if an amplifier satisfies the 
requirements for an operational device 
it can be used to perform such functions as 
integrations, for example, without imposing 
its own time constant on the system. 
Actually the term "operational amplifier” 
as used in this paper was intended to 
apply only to the basic infinite-gain device, 
so that any and all functions that are 
performed are exactly predictable on the 
basis of the configuration of the negative 
feedback loop. 


Negative-Impedance Telephone 
Repeaters—Application in the Bell 

System 

ARTHUR F. ROSE 

FELLOW AIEE 


T HE application of the telephone re¬ 
peater, the development of which 
made countrywide telephone service prac¬ 
ticable, had been confined largely to toll 
plant from the year 1915 when the trans¬ 
continental line was first established, until 
a few years ago. About 1948 the nega¬ 
tive-impedance repeater 1 was developed 
and placed in production. This repeater 
operates on the principle of inserting 
negative resistance (and, if desired, nega¬ 
tive inductance or capacitance) in series 
with the line, thus reducing the over-all 
impedance and increasing the current in 
the line. This results in transmission 


gain in the same sense as that resulting 
from a repeater of the conventional type. 
This principle and the package nature of 
the assembly resulted in a telephone re¬ 
peater so low in cost and so simple in ap¬ 
plication and installation that it has found 
extensive use primarily in the local tele¬ 
phone plant. 

In the period from 1948 to the present, 
over 50,000 series-type negative-imped¬ 
ance repeaters were manufactured and in¬ 
corporated in the Bell System telephone 
plant. These repeaters have been used 
largely on intraexchange trunks and on 
trunks extending from the exchange areas 


to near-by smaller towns. Such installa¬ 
tions have been very effective in improv¬ 
ing the transmission on short-haul calls 
and in many cases have also reduced trunk 
costs by permitting the use of smaller and 
cheaper conductors. They are usually 
operated at gains which reduce the non- 
repeatered trunk loss by more than half. 

Negative-impedance repeaters are es¬ 
pecially suited to exchange trunk use, not 
only because of their simplicity and ease 
of maintenance but also because, unlike 
earlier types of repeaters, they preserve 
the d-c continuity of the circuits on which 
they are installed. This latter feature 
means that they do not interfere appre¬ 
ciably with the signaling methods ordi¬ 
narily used on such trunks. Also, they 
have the added advantage that in the 
event of tube failure the circuit still func- 


Paper 54-222, recommended by the AIEE Wire 
Communications Systems Committee and approved 
by the AIEE Committee on Technical Operations 
for presentation at the AIEE Summer and Pacific 
General Meeting, Los Angeles, Calif., June 21-25, 
1954. Manuscript submitted March 25, 1954; 
made available for printing April 14, 1954. 

A. F. Rose is with the American Telephone and 
Telegraph Company, New York, N. Y. 
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tions but with its loss substantially raised 
until the defective tube has-been replaced. 

Application of Series-Type 

Negative-Impedance Repeaters 

In a multioffice exchange area, trunks 
can generally be grouped in three classes. 
Largest in number are those known as 
inter-office trunks which extend directly 
from one local operating center to another 
local center in the same exchange operat¬ 
ing area. In some cases direct trunks be¬ 
tween two centers can not be justified 
and each office has trunks to a central 
location known as a tandem center where 
a through connection is made when re¬ 
quired. In this second class the trunks 

are known as tandem trunks. Frequently 

trunks of this type are provided to supple¬ 
ment the direct trunks and thus give the 
added advantage of alternate routing. 

A third type of trunk extends between the 
local office and the toll office, and there¬ 
fore always forms part of a toll connection 
to the local office. These are known as 
toll-connecting trunks. In single-office 
areas the toll connecting trunks to neigh¬ 
boring small towns are known as tribu¬ 
tary trunks. 

In some large multioffice exchange 
areas there are also trunks between the 
toll office and tandem centers which may 
be some distance from the toll office and 
through which local offices reach the toll 
office for long-distance calls. These 
trunks are also called tandem trunks but 
are more in the nature of intertoll links 
and are required to operate at very low 
loss, similarly to those in an intertoll cir¬ 
cuit. 2 

The most extensive use of the negative- 
impedance repeaters has been in connec¬ 
tion with the interoffice type of trunk. 
In this role they have been extremely use¬ 
ful and have contributed greatly to trans¬ 
mission improvement in the last few years. 
It would be desirable also to utilize this 
new and effective tool in reducing the 
losses of toll-connecting and tandem 
trunks. There have been many cases of 
this type where improvement has been ef¬ 
fected but a very wide use has been limited 
by their effect on return loss. 

The insertion of a series negative im¬ 
pedance in an otherwise uniform loaded 
circuit introduces an impedance dis¬ 
continuity which means that a substan¬ 
tial amount of energy is returned to the 
sending end of the circuit as echo. As 
the introduction of negative impedance is 
the method of obtaining gain from the 
series repeater, it follows that the magni¬ 
tude of the impedance discontinuity and 
therefore, the echo is proportional to the 
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gain of the repeater. The effect of echo 
on ease of conversation depends both on 
its magnitude and the amount of delay 3 
before the echo reaches the talker s ear. 
When the delay is short, as in the case 
of an interoffice trunk, a large amount can 
be tolerated but in the case of a toll¬ 
connecting trunk which becomes a part 
of a toll connection, the delay may be 
long and only a small amount of echo 
can be permitted. This limits the 
amount of gain from a series repeater 
when it is used in toll-connecting trunks. 

As a result of this feature of the series 
negative-impedance repeater, most cases 
requiring substantial gains in toll-con¬ 
necting or tributary trunks usually had 
to be handled by the older and more ex¬ 
pensive hybrid-coil type of repeater. 
With the latter it is practicable to intro¬ 
duce gain without serious reflection ef¬ 
fects if proper attention is given to net¬ 
work design and to uniformity of construc¬ 
tion of the line itself. However, the cost 
of the more complicated repeater was 
relatively high, so that the new develop¬ 
ment described in the accompanying 
paper 5 was undertaken to meet the indi¬ 
cated need, i.e., a repeater embodying 
the same desirable features of simplicity 
of design but still approaching in perfor¬ 
mance that of the hybrid-coil repeater 
in its effect on return loss. 

As indicated by Merrill and Smet- 
hurst 4 - 5 the new repeater (coded E23) 
consists essentially of the earlier series 
repeater with the addition of a shunt nega¬ 
tive-impedance element. This combina¬ 
tion has approximately as small an effect 
on return loss as the hybrid-coil repeater 
and will give about the same gain when 
used under similar line conditions. As 
a result, the field of use of the negative- 


impedance type of repeater will be 
greatly extended, especially in the toll¬ 
connecting plant, where, from a practical 
standpoint, certain features of the hy¬ 
brid-coil repeater are not needed. For 
example, its maximum gain of 10 decibels 
(db) is adequate, unequal gains in oppo¬ 
site directions would not ordinarily be use¬ 
ful, and types of signaling requiring a 4- 
wire split of the repeater are not utilized 
on exchange area trunks. 

In addition to the important new char¬ 
acteristics, the desirable features of the 
series repeater have been retained, i.e., 
it preserves d-c continuity, it is simple in 
design, and it is easy to install and main¬ 
tain. If properly engineered and instal¬ 
led on circuits of reasonably uniform im¬ 
pedance, the new repeaters can be oper¬ 
ated in tandem, do not have serious reac¬ 
tions on return loss, and are capable of re¬ 
ducing the losses of the trunks to about 
the same values as the hybrid-type re¬ 
peaters. 

Scope of Application of the New 

Repeater 

With the reduction of the return loss 
reaction of the earlier form of negative 
impedance repeater, the extent of applica¬ 
tion of the new E23 repeater becomes 
largely a matter of economics. In the 
telephone trunk plant, there are generally 
three gauges of conductors available for 
trunk use, namely, 19, 22, and 24. The 
larger gauges, utilizing more copper and 
requiring more conduit space, naturally 
cost more than the smaller. In general, 
it is the practice to select the smallest 
gauge which wiU give the required trans¬ 
mission loss. For short distances, the 
differential in cost between trunks of dif- 
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Illustrative field of use—toll-connecting or tandem trunks 


ferent gauges is not large but as trunk 
length increases it will be found that a 
small-gauge trunk with a repeater will 
cost less than one of larger gauge without 
a repeater. For example, at 10 miles a 
22-gauge circuit with a repeater will cost 
substantially less than a 19-gauge circuit 
with no repeater. Also, as transmission 
objectives are improved, there may be 
cases where a small-gauge trunk with two 
repeaters will be cheaper than a larger 
gauge with one repeater. Furthermore, 
in cases where the costs are about equal 
or even where the larger gauge is slightly 


cheaper, it will be found that lower losses 
can be obtained with the repeatered cir¬ 
cuits, and therefore the engineering 
choice would favor the smaller gauge. 

Construction costs vary considerably 
depending on local conditions. Therefore 
the differential cost between the various 
gauges of conductors will vary corre¬ 
spondingly. However, for illustrative 
purposes two (harts have been prepared 
(Figs. 1 and 2) which utilize average Bell 


System costs for both outside plant and 
telephone repeaters. In the case of the 
E23 repeaters, the experience so far has’ 
been somewhat limited, so there is a 
greater degree of uncertainty as to the 
actual costs than for the older type of 
repeater or the outside plant construction. 

Fig. 1 covers the field of use for various 
conductor gauges when used in interoffice 
trunks where an over-all transmission 
objective of six db for the trunks has been 
assumed. In considering this chart it 
will be seen that nonloaded 24-gauge con¬ 
ductors can be utilized for the shorter dis¬ 
tances up to about 2 miles. The next 
step is to apply loading, which is indicated 
in the chart by the symbol H88 meaning 
88-millihenry coils at 6,000 foot spacing. 
After reaching the limit of about 7 milps 
without repeaters on 22 gauge, the dif¬ 
ferential between 22 and 24 gauge is 
more than enough to pay for a repeater, 
the simple series repeater E2 being used 
for distances up to 10 miles and the im¬ 
proved E23 repeater extending the use 
of 24 gauge to about 14 miles. Beyond 
this point the most economical combina¬ 
tion is indicated. 

The general effect of the introduction 
of the negative-impedance repeater is to 
shift the average gauge distribution so 
that more small-gauge cable can be eco¬ 
nomically utilized, accompanied in most 
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^ases by improved transmission. It will 
be noted from the chart that no 19-gauge 
cable will need to be added in the future 
to care for interoffice trunks up to dis¬ 
tances as great as 25 miles between 
offices. Of course, in cases where 19 
gauge is already available in plant it can 
be used to advantage despite the fact 
that for new construction a smaller gauge 
with the negative-impedance repeaters 
would be cheaper. 

It has also been assumed in making up 
this chart that supervision or pulsing re¬ 
quirements will not be effective in limit¬ 
ing the use of the smaller gauges. In a 
specific case where some of the older type 
of cent ral offices are involved, signaling 
may have an important bearing and sub¬ 
stantially distort the economic ranges 
indicated on the chart. Also, the inser¬ 
tion of the repeater has a small effect on 
the signaling and pulsing ranges but, in 
general, this is not controlling. 

Fig. 2 covers toll-connecting or tan¬ 
dem trunks. As a toll-connecting trunk 
forms part of a multilink connection and, 
since there are always at least two (and 
often more) trunks in series on connec¬ 
tions involving these trunks, the Bell 


System Companies find it economical to 
plan for a maximum loss of 3 db for this 
type trunk. Likewise for the tandem 
trunks, where two in series may be used 
in place of an interoffice trunk, 3 db is 
considered a reasonable objective. 

It will be noted again by referring to 
this chart that 19 gauge has a very little 
future field of use and in all cases the new 
series-shunt repeater will be utilized 
rather than the earlier series type because 
of return loss considerations and also 
because of the greater gain required to 
reduce the trunk losses to the desired 
values. In the tandem and toll-connect¬ 
ing case, signaling may again be a dis¬ 
torting factor though not to as great an 
extent as in the direct interoffice trunk 
case. To this extent, however, the curves 
are theoretical, as they have been made 
up without regard to this limitation, which 
may apply in a few practical cases. 


Specific Applications 

Many installations of the new repeaters 
have been engineered for completion in 
1954. In all cases economic studies were 
made and results of these studies broadly 


confirmed the indications of the two charts 
discussed above. To bring out more 
clearly the effectiveness of the E23 re¬ 
peaters, it may be worth while to con¬ 
sider a few specific cases involving instal¬ 
lations of the new repeaters being made 
this year. 

The first case shown in Fig. 3 is of par¬ 
ticular local interest as it is in the area 
of the Pacific Tdephone and Telegraph 
Company. The chart shows the two al¬ 
ternatives were considered for providing 
additional tandem trunks between San 
Francisco proper and the East Bay Area, 
needed this year because of an extension 
of customer toll-dialing arrangements. 

The engineering study for this project 
was somewhat more complicated than 
would ordinarily be the case because two 
possible routes of unequal length and 
with slightly different amounts of sub¬ 
marine cable were involved. The present 
route, which touches Yerba Buena Island, 
is subject to some hazard from dragging 
ship anchors but the circuit relief would 
have been cheaper here than on the other 
route shown, were it not for the new re¬ 
peaters. The second route is con¬ 
siderably less hazardous and, in addition 
is sufficiently removed from the present 
one to provide increased reliability under 
disaster conditions. Without the re¬ 
peaters, however, the second route would 
have been somewhat impracticable, since 
it does not allow easy installation and ac¬ 
cess to required loading points between 
the two shore lines. However, with two 
of the new repeaters on each pair of con¬ 
ductors, nonloaded 22-gauge cable will 
give substantially the same effective 
transmission loss as loaded 19-gauge con¬ 
ductors on the shorter route and over a 
future period will involve less annual cost 
per circuit. Furthermore, the use of the 
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22-gauge cable permits more than twice 
as many pairs to be included in the same 
sized sheath in the expensive submarine 
section. As a result, this provides for a 
much more economical future engineering 
period for the rate of growth assumed. 

The initial installation of the new type 
of repeaters on this cable will total about 
1,300, divided between the main office in 
San Francisco and the main office on the 
East Bay side. Individual repeater 
gains will be 6 to 7 db at 1,000 cycles but 
the repeater gain characteristic will be 
shaped to offset the increasing cable losses 
at the higher frequencies so that the over¬ 
all circuit will have relatively uniform 
transmission in the voice range. 

The second case is one where the need 
for the repeaters results from the complex 
toll-switching system at Chicago, Ill. 
Here it has been found desirable, because 
of the great volume of toll traffic, to have 
several toll offices scattered throughout 
the city and suburbs. In general, toll 
calls coming into these offices from other 
cities are completed over toll-connecting 
trunks direct to the called subscribers’ 
central offices. It is not economical, 
however, to provide a sufficient number of 
such trunks to handle peak loads. When 
all of these direct trunks are busy, an in¬ 
coming toll call is switched to the sub¬ 
scriber’s central office via a tandem office 
serving his general area. Since the losses 
of trunks between the tandem and local 
offices are of the same order as those of the 
direct trunks from toll to local offices, 
it would be desirable to operate the trunks 
between the toll and tandem offices at 
losses close to 0 db if this were practicable. 
In this way the same transmission objec¬ 
tives would be met on both routings and 
no contrast in transmission would be evi¬ 
dent to the same subscribers on calls com¬ 
pleted over the different routes at dif¬ 
ferent times. Fig. 4 illustrates a specific 
case of 36 trunks between toll office no. 3 
and Belle Plaine tandem, a distance of 
about 16 miles. Without repeaters these 
trunks would have been operated at a 
loss of about 10 db but with the repeaters 
they are operated at about 2 db. The 
only alternative to using E repeaters in 


Table I. Production Figures for Negative* 
Impedance Shunt Element 

Annual 

Repeater 

Shipments 


Hybrid-type repeaters 

Average year 1930—1949. 4,500 

Maximum year.17,000 

Series negative impedance-type repeaters 

Average year 1950—1954.17,000 

Maximum year.36,000 

Negative Impedance Shunt Element, 

1954.19,000* 


♦Estimated. 

this specific case would have been to use 
the more expensive hybrid-type repeaters. 

In some cases similar to this one, it 
was found practicable to temporize by 
installing the series repeater first and 
operating it at limited gain until the shunt 
element became available. Later, when 
the production of the shunt element was 
started, the additional units were added 
and full advantage of the new series-shunt 
design utilized in reducing the equivalent 
of the trunks to the lowest value permitted 
by echo return loss considerations. As 
pointed out by Merrill and Smethurst 4 - 5 
the original El repeater was not provided 
with a center tap on its input coil but ar¬ 
rangements were made about a year ago 
to make this feature available for the cur¬ 
rent manufacturing output, looking for¬ 
ward to the subsequent addition of the 
shunt element when needed. All new 
models of the series-type repeater now in¬ 
clude the center-tapped coil. 

The third example, shown on Fig. 5, 
is in the city of Pittsburgh, Pa., between 
the Churchill tandem and the town of 
New Kensington, approximately 17 miles. 
Here the transmission on existing 19- 
gauge loaded cable without a repeater 
would have been about 8 db. The re¬ 
peaters reduce this figure to between 2 
and 3 db which should be satisfactory in 
this case. It should be noted, however, 
that 22 gauge with two repeaters would 
also provide a low enough equivalent, and 
should it become necessary to supplement 
the present cable at a future date there 
will be an opportunity for further saving 
from the E23 repeaters. 

- ♦- 


Discussion 

D.L ConeandF. H. Wright (ThePacific Tele¬ 
phone and Telegraph Company, San Fran¬ 
cisco, Calif.): It is a sincere tribute to the 
developers of the new negative impedance 
repeaters to say that the E-23 repeater has 
made feasible an important contribution to 
the adequacy and dependability of the tele¬ 
phone network linking the communities 


about San Francisco Bay. Referring to Fig. 
3 of Mr. Rose’s paper shows the heart of 
the San Francisco Bay metropolitan area, 
served by about 1,000,000 telephones. The 
number of trunk circuits between local 
telephone offices is rapidly approaching 
100,000, about 6,000 of which are in the 
submarine path shown between San Fran¬ 
cisco and Oakland. 

The new repeaters were made available 
just in time for our 1954 needs, and they 


Manufacturing Program 

The potential field of use for the new - 
negative-impedance repeaters is very large 
and the manufacturer is already being 
called upon to make comparatively large 
quantities to meet current demands. 
Before the negative-impedance repeaters 
became available, the hybrid-type re¬ 
peater was manufactured at an average 
rate of less than 5,000 per year during the 
20-year period from 1930 to 1949. As 
soon as the series negative-impedance 
type of repeater became available, the an¬ 
nual demand for it exceeded that of the 
old type by a ratio of 3 to 1. Production 
of the new negative-impedance shunt ele¬ 
ment has only recently started but it is 
expected that the first year’s requirements 
will exceed the average for the series re¬ 
peater during the last 4 years. The ac¬ 
tual production figures are given in Table 
T. 

Summary 

In conclusion, it may be said that the 
shunt repeater element has prospects of 
being an extremely valuable tool for, in 
combination with the series unit, it can 
provide transmission improvement at low 
cost in many cases and in the over-all re¬ 
duce the total cost of exchange area tele¬ 
phone plant. The large initial demand 
indicates the enthusiasm with which this 
new development is being greeted by the 
Telephone Companies throughout the 
Bell System. 
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made possible a new route, free of the ex¬ 
posed loading points at 6,000-foot intervals 
required by most of the existing circuits. 
One of these loading points is on a Bay 
Bridge pier, another on a special structure in 
shallow water. The results of tests of the 
new repeaters and submarine cable have 
confirmed the predictions of performance. 
Effective transmission losses equivalent to 
19H88 cable for the same distance have been 
realized. 
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It is anticipated that future carrier system 
development will further increase the use¬ 
fulness of the nonloaded cable circuits. The 
> -r fortng route has long handled K and N 
carrier systems. For television transmis¬ 
sion across San Francisco Bay, a TD-2 
microwave link is used. Costs of channel¬ 
izing and signaling have precluded the use of 
radio for transbay telephone trunks. 

The E repeaters have proved so attractive 
for short-haul trunk circuits that we antici¬ 
pate about 9,000 in use in 1956 in the Bay 
area. They have proved very valuable in 
adapting existing plant to the requirements 
of private-line services, such as are needed 
for milit ary and industrial circuits. 

A recent case of transmission deficiency 
on a private line was solved by using a 


portable E repeater set, including power 
pack, developed for just such contingencies. 


R. R. O’Connor (Illinois Bell Telephone 
Company, Chicago, Ill.): We in Chicago 
feel that the E-type repeaters will play an 
important part in our trunk plant design. 
How important this may be is illustrated by 
the following figures: The total number of 
trunks in Chicago is 70,000. By the end 
of 1954, 6,000 (1,300 E23) repeaters are 
expected; by the end of 1955, 9,300 (3,000 
E23) m , and by the end of 1960, 30,000. 

With E-type repeaters we expect to find it 
economically possible to provide much 
greater flexibility in the routing of traffic. 
This will result partly from alternate routiisg 


via tandem and partly from the use of sepa¬ 
rate cable sheaths for a single trunk group. 
In the latter case one cable will be equipped 
with repeaters and another of coarser gauge 
will be used without repeaters. 


Arthur F. Rose: The discussions by Mr. 
Cone and Mr. Wright and by Mr. O’Connor 
emphasize the rapid adoption of this new 
repeater in the telephone plant of the Bel 
System by citing specific figures for the 
Pacific and Illinois Bell Telephone Com¬ 
panies. The use of the E repeater in port¬ 
able form as mentioned in Mr. Cone’s and 
Mr. Wright’s discussion is an example of the 
versatility of this new tool which it is hoped 
will continue to find new applications. 
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T HE insertion of repeaters in tele¬ 
phone lines to make up for circuit 
losses is a very common practice today. 
The use of negative impedance to over¬ 
come transmission loss is an old idea but 
only recently used to any large extent in 
the exchange area plant. A series-type 
of negative-impedance repeater, called 
the El telephone repeater, has found favor 
in the Bell System and its use has stimu¬ 
lated a demand for still more economical 
designs including a companion shunt type 
of negative-impedance repeater. Suffi¬ 
cient laboratory and field trial work has 
been done on negative-impedance devices 
to insure that better transmission perform¬ 
ance can be obtained, at minimum cost, 
by using both a shunt element, of the 
negative-admittance type, and a series 
type of negative-impedance repeater. 
Through the use of these new E-type re¬ 
peaters it is possible to reduce the at¬ 
tenuation and improve the return loss of 
voice frequency lines so that exchange 
area trunks can be used as links in a toll 
connection. 

Rather than adapting some form of 
modification to the existing El repeater 
design, many advantages are obtained by 
producing a new series-type of negative- 
impedance device, called the E2 repeater, 
and a new shunt type of negative-imped¬ 
ance unit called the E3 repeater. New 
equipment designs will reduce the main¬ 
tenance, obtain a substantial reduction in 
price and make more efficient use of the 
central office space, particularly when 23- 


inch relay rack bays are used. Plug-in 
type of construction will simplify the in¬ 
stallation and testing of these repeaters. 

A new portable E-repeater test set has 
been developed for simplifying the testing 
and maintenance of all types of negative- 
impedance repeaters. Test connections 
required to measure individual repeaters 
or combinations of El or E2 and E3 re¬ 
peaters are set up by the operation of a 
single-control rotary-function switch. 
Insertion gain and loss measurements are 
made with the repeaters working between 
their normally connected line imped¬ 
ances or specified terminations. Jack- 
ended E2 and E3 repeater networks have 
been included for the rapid setting up of 
network strapping arrangements during 
the testing period. 

Other features of the test set include 
means for measuring return losses and 
impedance. The magnitude of the un¬ 
known impedance and return loss and the 
phase angle of the impedance can be 
determined by simple transmission meas¬ 
urements. 

E2 Telephone Repeater 

The circuit functions of the E2 repeater 
can be divided into three main parts, as 
shown in Fig. 1. These include an input 
transformer, a vacuum-tube impedance 
converter and the adjustable impedance 
network. The essential element of this 
repeater is the impedance converter which 
basically is a positive feedback grounded- 


grid amplifier designed to be open-circuit 
stable. The positive feedback is stabi¬ 
lized by the application of negative feed¬ 
back and the proportion of positive to 
negative feedback is controlled by chang¬ 
ing the magnitudes of the plate and cath¬ 
ode load impedances. Where the plate 
load consists of the network impedance 
Zff and the cathode load is the effective 
line impedance reflected through the 
transformer into each cathode circuit. 
Small cathode impedances and large plate 
impedances will reduce the negative cath¬ 
ode feedback, increase the over-all circuit 
gain, and provide greater amplified volt¬ 
ages for the positive feedback connection. 
The reverse conditions of large cathode 
impedances and small plate impedances 
result in less gain and reduced potential 
for the positive feedback action. 

The positive feedback loop is joined by 
connecting the plate circuit of each 
vacuum tube through a resistance-capaci¬ 
tance network to the grid circuit of the 
opposite tube. The negative feedback 
path includes the effective cathode im¬ 
pedance and grid circuit of each triode 
tube. A phasor addition of these two 
feedback voltages in the grid circuit can 
be controlled by means of the network 
impedances, to produce a stable positive 
feedback condition for any practical value 
of cathode impedance. 

Any signal voltage impressed across the 
cathode impedances will be applied to the 
grids and amplified. The increased signal 
amplitudes, developed across the net¬ 
work impedance, are coupled back to the 
proper grid where regenerative action 
causes amplified voltages to appear 
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Fig. 1. Simplified 
circuit of ES re¬ 
peater 



SYMBOLS 

IS CURRENT DUE TO E WITHOUT REPEATER 
IS CURRENT DUE TO VECTOR ADDITION OF E+V 
POLARITY OF POTENTIALS CAUSED BY I 0 
POLARITY OF AMPLIFIED VOLTAGE V 
POLARITY OF POSITIVE FEEDBACK VOLTAGES 
POLARITY OF INDUCED VOLTAGE V 
POLARITY OF NEGATIVE FEEDBACK VOLTAGES 



across the cathode impedance in phase op¬ 
position to the applied signal. A phasor 
addition of the two cathode voltages will , 
occur in the transformer windings and a 
large reversed signal potential will be 
inserted in series with the line. The in¬ 
duced voltage, being of the same polarity 
as the originating signal, will add to it 
and cause a larger value of signal current 
to flow in the line circuit. Because larger 
line currents are obtained by the use of a 2- 
terminal network, the E2 repeater can be 
considered as having the properties of a 
negative impedance equal to — V/I, 
where V is the reversed voltage across the 
impedance and I the current flowing 
through it. 

Merrill 1 has shown that the negative 
impedance generated by this form of con¬ 
verter is equal to the negative of the net¬ 
work impedance multiplied by a conver¬ 
sion factor k . To reduce the effect of 
variations in the vacuum tubes to negligi¬ 
ble proportions, and at the same time to 
operate the tubes with load impedances 
which will permit optimum energy trans¬ 
fer from tube to connected circuit, the 
converter should be used with an imped¬ 
ance of 10,000 ohms or more between 
cathodes and a somewhat lower impedance 
between plates. To obtain an impedance 
of approximately 10,000 ohms, the im¬ 
pedances Zi and Z 2 of Fig. 1 are stepped 
up to the cathodes by means of the input 
transformer. In addition, applications 
of the repeater to telephone lines re¬ 
quires that a balance-to-ground condi¬ 
tion be maintained to meet the longi¬ 
tudinal balance and noise requirements. 
To insure adequate balance the low-volt- 
age side of the transformer is divided into 
two equal balanced windings. Each 
winding is center-tapped and connected 
in series with a line conductor. 

The conversion ratio is affected also by 
small losses inherent to the vacuum tube 
and transformer circuit designs. These 
may be balanced out by placing a fixed 
compensating resistor of 2,000 ohms in 
the network impedance. In practice it is 
advantageous to limit the conversion fre¬ 
quency bandwidth so that line and net¬ 
work impedances do not have to be con¬ 
trolled over unlimited frequency range. 
The. conversion of the E2 repeater is lim¬ 
ited at the low frequencies by a grid-to- 
plate coupling network and at the high 
frequencies by small capacitances bridged 
across the grid resistors, as shown in 
Fig. 2. 

The final negative series impedance pre¬ 
sented to the line is equal to approxima¬ 
tely —O.lZjf over the frequency band of 
300 to 3,500 cycles. The magnitude and 
phase of the negative impedances are 
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Fig. 3. Circuit of E3 repeater 

controlled by the configuration of the Horn, being at equal potential points are 
gain-adjusting network comprising isolated by the effective balance of the 

several inductive, capacitive, and resistive bridge. The connections from the line 

elements. These components may be ar- to the amplifier input and from the ampli- 
- 1 J • ±-\- ~ All f-nut tn the line are made at un¬ 


ranged in any form to obtain the gain- 

and frequency-shaping characteristic de¬ 
sired for each type of line facility. By 
changing the value of the negative im¬ 
pedance inserted in series with the line 
can be varied from —100 to —2,000 ohms. 
This range of negative impedances is ade¬ 
quate for the line facilities with which the 
repeater will be used. 

The E2 repeater employs a 407A twin- 
triode vacuum tube of the 9-pin minia¬ 
ture type. When operated from a plate 
battery potential of 130 volts the re¬ 
peater will pass speech volumes of +10 
vu before noticeable distortion is caused 
by overloading of the vacuum tube. The 
407A vacuum-tube heater circuit can be 
operated from a 24- or 48-volt office bat¬ 
tery. The heater current is 100 milli- 
amperes (ma) for 20-volt operation and 
50 ma for 40-volt operation, and the plate 
current is 11 ma. 

E3 Telephone Repeater 

The E3 repeater is a 2-terminal device 
which uses a stable positive feedback 
amplifier to generate a shunt type of nega¬ 
tive impedance. The circuit functions, 
shown in Fig. 3, include a high-impedance 
input circuit, the impedance converter, 
and the impedance network. Of special 
interest is the converter circuit which 
consists of a 2-stage vacuum-tube ampli¬ 
fier working through a Wheatstone bridge 
circuit in which the telephone line and 
impedance network are involved as two 
of the ratio arms. Two resistive com¬ 
ponents complete the bridge circuit, and 
the amplifier input and output connec- 


fier output to the line are made at un 
equal potential points to provide a posi¬ 
tive feedback connection through the 
bridge, amplifier, and line circuits. When 
the bridge circuit is unbalanced, by mak¬ 
ing th e impedance of the line smaller than 
the impedance of the network, a portion 
of the amplified output is coupled back to 
the grid as a negative feedback voltage. 
As the line impedance becomes smaller 
and smaller, the negative feedback in¬ 
creases and so the converter is short-cir¬ 
cuit stable. The phasor addition of the 
positive and negative feedback voltages 


in the grid circuit can be controlled, by 
means of the network impedance, to pro¬ 
duce a stable positive feedback condition 
for any practical value of line impedance. 

When the repeater is bridged across a 
telephone trunk, the signal voltage across 
the circuit will be impressed across the 
line side of the output bridge with the 
polarities shown in Fig. 4. This potential 
will be connected through the bridge to the 
input grid, amplified by both tubes, and 
its phase rotated to produce an enlarged 
output voltage, across the line, in phase 
with the applied voltage. The new gen¬ 
erator, established in the plate circuit of 
the second-stage amplifier tube, will send 
current I B through the network into the 
line where it divides h flowing toward Z 2 
and h toward Z t . The phasor addition 
of I\ and It will produce a larger flow of 
current in the receiving load Z 2 and the 
repeater can be considered as having the 
properties of a shunt-type of negative im¬ 
pedance equal to V/—I where V is the 
voltage across the impedance and I is the 
reverse current flowing through it. 

It has been shown 1 that the negative 
impedance generated by this form of con¬ 
verter is equal to the network impedance 
Z N divided by a negative conversion 
factor k. To obtain a practical design of 
the E3 repeater for the faithful conversion 


-►I. 



Ia 




Ir = 


it 

I2+I3 


©© 

SB 


symbols r 

IS CURRENT DUE TO E WITHOUT REPEATER 
IS CURRENT FROM REPEATER 
POLARITY OF INPUT VOLTAGE 
POLARITY OF POSITIVE FEEDBACK VOLTAGES 
POLARITY OF NEGATIVE FEEDBACK VOLTAGES 


Fig. 4. Simplified circuit of E3 repeater 
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Fig. 5. Schematic circuit of E3 repeater 


of the network impedances, with a mini¬ 
mum of spurious components, it is neces¬ 
sary to balance out, as nearly as possible, 
all converted circuit elements associated 
with the output bridge and connections 
to the line. Accordingly, the two line 
capacitors are balanced out by a network 
capacitor. The battery supply resistors, 
the resistor and capacitor of the plate- 
battery filter, and the plate-load resistor 
of the first-amplifier stage are all balanced 
out in the .network by placing suitable 
values of resistors and capacitors in the 
cathode circuit of the second-amplifier 
stage. All these elements are combined to 
form an equivalent 2-terminal network 


having fewer and smaller valued com¬ 
ponents. 

An ideal negative impedance device 
would convert any impedance in the net¬ 
work over a wide frequency band but it is 
advantageous to limit the negative im¬ 
pedance, in so far as practicable, to the 
frequency bandwidth required by the par¬ 
ticular application. This is accomplished 
primarily in the network associated with 
the converter. The conversion band¬ 
width of the E3 repeater, shown in Fig. 5, 
is restricted at the low frequencies by the 
design of the resistive-capacitive feedback 
coupling network between the output 
bridge and the input grid, and at the 


high frequencies by the shunt capacitance 
connected across one resistive arm of the 
bridge circuit. 

The final negative impedance shunted 
across the line is equal to —Z^/0.94, 
within ±2.5 per cent, over the frequency 
range of 200 to 5,000 cycles. The magni¬ 
tude and phase of the negative imped¬ 
ances are controlled by the configura¬ 
tion of the gain-adjusting network Z jV) 
consisting of several inductive, capaci¬ 
tive, and resistive elements. These com¬ 
ponents may be arranged in a variety of 
ways to obtain the gain- and frequency¬ 
shaping characteristics desired for each 
type of line facility. By changing the 
value of Z N , the negative impedance 
shunted across the telephone line can be 
varied between —200 and —3,000 ohms. 
This range of negative impedances is ade¬ 
quate for the line facilities with which the 
repeater will be used. 

The E3 repeater employs a 407A twin- 
triode vacuum tube of the 9-pin minia¬ 
ture type. When operated from a plate- 
battery potential of 150 volts the repeater 
will pass speech volumes of +6 vu before 
distortion is noticeable because of over¬ 
loading in the vacuum tubes. The 407A 
vacuum-tube heater circuit can be oper¬ 
ated from 24 or 48-volt office battery. 
The heater current is 100 ma for 20-volt 
operation, 50 ma for 40-volt operation and 
the plate current is 5 ma. 

Equipment 

General 

The equipment design of the E2 and E3 
repeaters was directed toward the objec¬ 
tives of producing negative-impedance re¬ 
peaters which would be simpler to manu¬ 
facture, easier to engineer, install, and 
maintain, and which would make more 
efficient use of the mounting space, par¬ 
ticularly on 23-inch bays, than the present 
El telephone repeater. Because of the 
large quantities involved, over-all savings 
in manufacturing costs can be realized 
by using a compact aluminum die-cast 
shell to house the repeater components, 
which is designed to utilize fully the 
mounting space available in depth as well 
as in breadth and height. Such an ar¬ 
rangement will facilitate manufacture in 
that it lends itself to the use of parallel 
thermoplastic strips for the mounting of 
the “pigtail” type of components. 2 Fur¬ 
ther savings in shop costs were obtained 
by co-ordinating the designs of the E2 
and E3 repeaters for maximum inter¬ 
changeability of parts. These arrange¬ 
ments should include mechanical details 
as well as electrical components in so far 
as the circuit designs will permit. 
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Fig. 6. Die-cast chassis for E repeaters 



Fig. 7. Front and side view of E2 repeater 



Fig. 8 . Front and side view of E3 repeater 


Engineering and installation effort has 
been reduced considerably by avoiding 
engineered options and by arranging the 
equipment so that the maximum portion 
of the assembly and wiring work is per¬ 
formed in the shop. Testing and main¬ 
tenance routines are simplified by ar¬ 
ranging the repeaters as plug-in units 
which can be removed from their bay 
positions and plugged into a portable test 
set located in a more convenient working 
space. In this way the network strapping 
and any repair work which may be re¬ 
quired on a repeater need not be per¬ 
formed from a ladder. Maintenance and 
service interruptions are reduced to a 
■minimum length of time by using the 
plug-in type of repeaters so that a defec¬ 
tive unit can be replaced by a spare for 


immediate restoration of service and the 
faulty repeater repaired at a more con¬ 
venient time. 

Repeaters 

Both E2 and E3 repeater units are as¬ 
sembled in the same rectangular die-cast 
chassis, shown in Fig. 6, to make efficient 
use of the full 10-inch depth available in 
the standard relay rack bay. The front 
section of each unit carries the vacuum 
tube and test pin jacks which must be 
accessible for testing and routine main¬ 
tenance, as shown in Fig. 7. All other 
components are compactly assembled in¬ 
side the chassis. The gain-adjusting net¬ 
work strapping terminals are arranged, in 
three rows, along the left side of the re¬ 
peater, as shown in Fig. 8, and are acces¬ 
sible only after the unit is removed from 
its mounting shelf. 

All external connections to either type 
of repeater are terminated in a male con¬ 
nector rigidly mounted into the repeater 
chassis. The matching female sockets 
are suspended, from the mounting shelves, 
on a floating assembly to relieve the strain 
on contacts and wiring when the repeaters 
are plugged into a shelf. Both connector 
units consist of molded rectangular phe¬ 
nolic blocks equipped with 15 gold-plated 
contacts. Proper alignment between the 
male and female connectors is main¬ 
tained by using a positioning key and 
guide pin on the repeater chassis, shown 
in Fig. 9, and a track on the mounting 
shelf. After a repeater is seated into its 
shelf position, it is made secure by means 
of a screw-driver operated quick-acting 
fastener. 

A simple and effective mounting ar¬ 
rangement for the large number of pigtail 
components is obtained by using two 
parallel thermoplastic strips, as shown in 
Fig. 10, with the apparatus arranged in 
two rows along the edges of the strips. 
Molded brackets are used to fasten the 
assembled strips to the chassis. 

That other apparatus components of 
various types and sizes may be mounted, 
with their terminals and leads, in the 
proper position for wiring and assembly, 
as shown in Fig. 11, the chassis construc¬ 
tion must provide several cells, illustrated 
in Fig. 6, to contain the equipment. 
Chassis construction such as this cannot 
be fabricated economically, even in large 
quantities, because of the number of op¬ 
erations required. However, they can be 
designed for economical die casting and in 
addition to offer a number of other ad¬ 
vantages. For example, the die-castings 
are uniform in dimensions, the cast sur¬ 
faces are smooth, and the natural alumi¬ 
num finish has a satisfactory appearance 



Fig. 9. Side and rear view of E2 repeater 



Fig. 10. Network assembly and wiring of E3 
repeater 



Fig. 11. Assembly and wiring of E2 repeater 



Fig. 12. Repeater mounting shelves. Upper 
for 19-inch bays, lower for 23-inch bays 
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Fig. 13. Power distribution panels. Upper 
is primary unit, lower is supplementary unit 

so that no further finishing operations are 
necessary. 

Mounting Shelf 

An aluminum die-cast shelf, shown in 
Fig. 12, is used for mounting the repeaters 
on the relay rack bays. The shelf comes 
in two widths, one holding 8 repeaters is 
used for 19-inch bays and the second con¬ 
taining 10 repeaters is used on 23-inch 
bays. Grooves cut into the base of the 
shelf match a projection on the repeater 
to act as a track system for positioning 
the repeater into its connector socket. 
The shelf connector is mounted in a small 
die-cast block which, in turn, is fastened 
to the shelf by shoulder screws to provide 
a floating assembly. A tapered key, 
molded into the repeater casting, engages 
a slot in the connector block to secure the 
horizontal alignment and a tapered pin 
at the bottom of the repeater casting 
raises the connector block for the vertical 
alignment. 

The tapered pin is also used for operat¬ 
ing micro switches to obtain an automatic 
line-to-line direct current connection 
whenever an E2 repeater is removed from 
its shelf position. The micro switches, 
one in each side of the line circuit, are 
mounted along a ledge on the back of the 
shelf. A mechanical adjustment is pro¬ 
vided to insure a make-before-break con¬ 
nection either from line to line through 
the switch, when a repeater is removed 
from the shelf or from line to line through 
the input transformer of the E2 repeater 
when it is installed on the mounting shelf. 
This arrangement will insure that d-c 
equipment, such as relays and senders as¬ 
sociated with the truck circuits, will not 
be operated falsely whenever an E2 re¬ 
peater is removed for a trouble condition 
or for routine maintenance. 

Fifteen mounting shelves can be ar¬ 
ranged on standard 11-foot 6-inch relay 
rack bays. The maximum complement 
of repeaters will be 120 for 19-inch bays 
and 150 for 23-inch bays. Installation 


costs have been reduced by having the 
shop install all possible apparatus and 
wiring on the mounting shelves before 
shipment to the field. 

Power Distribution Panels 

Fabricated power distribution panels 
which occupy l s /< inches of mounting 
space are used for supplying plate and 
filament power to the repeater shelves. 
The primary unit, shown in Fig. 13, is re¬ 
quired for furnishing power to the first 
three repeater shelves and one test-set 
power outlet. Four sets of plate and fila¬ 
ment alarm-type fuses are provided, one 
set for each shelf and one set for the test 
power outlet. Four filament-adjusting 
rheostats are furnished and the panel is 
equipped with an alarm relay and lamp. 
Pin jacks are available for using a volt¬ 
meter to measure the filament voltage ap¬ 
plied to the vacuum-tube heater circuits. 
Optional wiring is used for operation of 
24- or 48-volt office batteries. 

Supplementary power distribution 
panels are equipped with plate and fila¬ 
ment fuses, rheostats and pin jacks for six 
additional repeater mounting shelves. 
One primary and two supplementary 
power panels are required to equip fully 
an 11-foot 6-inch bay with 15 repeater 
shelves. Both panels are completely 
wired in the shop to simplify installation. 
Fig. 14 shows a 19-inch relay bay mount¬ 
ing shelf complete with E2 and E3 re¬ 
peaters and the two types of power dis¬ 
tribution panels. 

Alarm-Type Fuse 

A new alarm-type fuse, coded as the 
18A fuse block, has been used on the 
power distribution panels for indicating 
plate and filament fuse alarm conditions. 
The fuse block, shown in Fig. 15, is com¬ 
pletely enclosed and has an added safety 
feature in that no battery potential is ex¬ 
posed to the attendent when installing or 
replacing a fuse. 

Two alarm features have been built 
into the fuse and fuse block assembly. 
The 70-type fuse used with this block 



Fig. 14. Shelf of E2 and E3 repeaters, with 
power distribution panels, for 19-inch bays 



Fig. 15. Alarm fuse block and fuse 


has a spring-loaded tip which pops out 
through a hole in the fuse block cap, to 
give a visual indication of a blown fuse. 
A metal cap, on the end of a blown fuse, 
makes a connection, through the cap of 
the fuse block, to an alarm bus which sup¬ 
plies battery for operating the alarm 
relay and lamp. Three connections pro¬ 
trude through to the rear of the fuse block. 
One at the bottom, designated B, is con¬ 
nected to the power source, one in the 
center is the fused output and the top' 
contact, designated A, is the alarm bus. 
A small colored pin is inserted into a hole,' 
on the front of the fuse block, to signify 
the ampere capacity of the fuse required 
in each particular circuit. 

All plate and filament fuse-alarm busses 
are multiplied together in independent 
paths which are joined through a poten-' 
tial divider circuit for operating the alarm 
relay and lamp. When a fuse is blown 
the battery connection operates the alarm 
relay and lights the alarm lamp on thei 
power distribution panel. The relay- 
supplies the required leads for operating 
the office visual and audible alarms, which! 
identify the aisle where the failure has 
occurred; the‘alarm lamp indicated the 
bay position; and the telltale protruding 
tip will locate the actual fuse. 

E-Repeater Test Set 

Wide applications of the E2 and E3 re¬ 
peaters, to the telephone plant, has made 
it necessary to develop a new test set 
which will simplify the installation and 
maintenance of these devices. To meet 
this need, the E-Repeater Test Set has 
been designed not only to test the new 
E2 and E3 repeaters but also the older 
type of El repeater which has been in use 
for several years. All test connections 
which are required to measure individual 
repeaters or combinations of El or E2 
and E3 repeaters are made by the opera¬ 
tion of a single-control rotary-function 
switch. Such a system will avoid the un¬ 
intentional errors and time-consuming 


440 


Smethurst — E-Type Telephone Repeaters—Description and Testing 



November 1954 











operations which attend the setting up I 
of complicated patch cord connections. ' 
«The resulting simplification will reduce 
the time required for installation and 
maintenance of these repeaters. 

The first five positions of the function 
switch are arranged to make transmission 
measurements of an individual repeater 
or any combination of El or E2 and E3 re¬ 
peaters. Insertion gain and loss meas¬ 
urements are performed with the re¬ 
peaters working between their normally 
connected line impedances. In making 
transmission and stability measurements, 
it is sometimes necessary to set up trial 
connections of the repeater networks 
during the initial test period or for un¬ 
usual line conditions. The actual use of 
the repeater networks would require a 
large number of soldered connections to 
be made for each particular arrangement 
of the gain-adjusting network. Through 
the use of equivalent jack-ended E2 and 
E3 networks, which have been included in 
the test set, small patch cords may be 
used for rapid interconnection of the net¬ 
work components. 

While the test set was designed princi¬ 
pally to test and maintain the -E-type 
repeaters, jacks have been added to make 
the set more adaptable for general field 
use. With the jack-ended connections, 
it is possible to measure the insertion gain 
or loss of other 4-terminal networks in 
other lines or between specified imped¬ 
ance terminations. 

Connections to the test set are made 
through jacks and connectors into which 
are plugged the E2 and E3 repeaters, the 
connecting lines from the repeater mount¬ 
ing shelf, and the power cord from the 
power distribution panel. Connections 
to the El repeater are made through its 
own special test cord and connector. An 
external oscillator and a sensitive detector 
are required to complete the measuring 
setup. 


Fig. 16. Principles 
of insertion measure¬ 
ments 


reference condition 
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Theory of Transmission 

Measurements 

The principal application of the E- 
repeater test set is the determination of 
the insertion gain and stability of the .22- 
type repeaters under actual operating 
conditions. Since gain and stability are 
dependent upon the line impedances, in 
both idle and busy conditions, it is neces¬ 
sary to make all measurements with the 
repeaters connected into their associated 
lines. 

One method of making this type of 
measurement, without affecting the trans¬ 
mission or stability of the circuit, is to 
introduce the test voltage through a low- 
impedance source in series with the input 


line, and measure the resultant current 
nicked off through a similar low-imped- 
ance connection in series with the output When I . is less than 7 0 the addition of A 

line A comparison of the received cur- has caused an insertion loss and when Ii 
rents with and without a repeater, will is greater than h the addition of N has 

give an indication of the insertion gain or caused an insertion gam- ^ 

P the current-indicating device will have a 

The basic principles involved in making decibel scale, and the change in transmis- 

this type of transmission measurement sion from the reference to the 
can beunderstood by the examination of condition, can be read directly from 

*• dia rr^eLS e drtS 

E—Ssiai.ss 

U ”\^“tcrcbS i tret Cl0Sdy aP ' 

proached m the actual test se requirement is that the 

In the reference condition of Fig. 16, hers, me y 4 ^ place 

the driving voltage 22o and the current cnange application of the 

driving voltage and the point of insertion 

■—-£ zss ** 

determined by the phasor snm <rf unp resistive terminations in 

ances Z, and Z, and the source voltage E, & charac- 

The current which flows in this circuit " “^^inal network, 
may be expressed as follows t^ ^ passive, between specified 

, B, impedance terminations. The only «- 

J, "Z+Z. quirement is that the terminating un- 

where ZiH-Z, indicates a phasor addition 

of the two impedances. P insertion of the driving voltage 

In the measure condition of Fig. 16 used for received current, 

the network N is inserted into the circuit and the detection of the received 

between the voltage source and the Transmission Measurements 
measuring device and, although the vo - transmission section of the -El- 

age E 0 is assumed to remain constant..the ™ ^ ^ . g arrange d for making 

addition of network N into the circuit wd P transmission measurements, tn 

change the current to a new value measurements reqmred 

The change in value of current from Jo P^ 1 ’ maintain the E2 and E3 re- 

: to Ji is a direct measure of transmission to a stra ight-forward and simple 

. between Z, and Zs as a result of inserting and E3 repeaters 

, N into the circuit. The deabds ebange type, line and equ£- 

. in transmission caused by the insertion o dispensed with and th 

t N can be found from the expression ment ] 
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El OR E2 

Fig. 17. Test set showing repeaters and test switch pos 
cords 

line connections are cross-connected di¬ 
rectly from the distributing frames to each 
E2 repeater shelf connector. In setting 
up to make repeater tests, the E2 and E3 
units are removed from their shelf posi¬ 
tions and plugged into adapters in the test - 



set, as shown in Fig. 17. ( c ) 

A test plug, fashioned to simulate the switch pos a 
male connector of the repeater, is in¬ 
serted into the vacant E2 repeater posi¬ 
tion for picking up the connections to the 
incoming and outgoing lines. A jack- 
ended cord connected to the test plug is 
patched into the test set for applying the 
line connections to the repeaters under 



test. After oscillator, detector, and 


power cords have been attached to their Cd) 

respective positions the network strapping switch Pot 4 
is set up, on a patch basis, and the test 
procedures can be performed without fur¬ 
ther change in the external connections. 

The first position of the rotary function 
switch designated REF arranges the test 
set for the reference condition. All re¬ 



peaters or networks are removed from the 
circuit; the sending and receiving series 



impedances are connected together, and 
the incoming and outgoing E2 repeater 
lines provide the terminations, as shown 
in Fig. 18(A). The low impedance volt¬ 
age source is obtained by means of an os¬ 
cillator working through a step-down 
transformer having an impedance ratio 
of 600:2 ohms. The low-impedance side 
consists of two equal well-balanced wind¬ 
ings, one winding inserted into each side 
of the line to form a balanced-to-ground 
measuring set. The received current is 
measured by means of a detector working 
through an identical transformer having 
one of the 2-ohm windings connected into 
each side of the line for maintaining the 
balance-to-ground circuit. Jacks desig¬ 
nated "Test Set 1” and “Test Set 2” 
are used when transmission measurements 
are required between specified imped¬ 
ances. Jacks labeled “Line A" and 


(e) 

£1 

SWITCH POS 5 

Fig. 18. Sequence of transmission measure¬ 
ments 

“Line B” are available to pick up the line 
connections for impedance measurements 
or for making transmission studies of the 
lines between fixed impedance termina¬ 
tions. The reference position serves for 
all four transmission-measuring condi¬ 
tions. 

Switch position 2, designated E1-E2, 
connects the El or E2 repeater into the 
test circuit between the sending and re¬ 
ceiving impedances as shown in Fig. 
18(B). The change in detector reading 
will indicate the insertion gain or loss of 
the connected repeater. Rapid switching 



between the reference and measure posi¬ 
tions enables the operator to make in¬ 
stantaneous checks of all measurements. 

The third and fourth switch positions, 
labeled E13-E23 and E31-E32 respec¬ 
tively, change the arrangements of El, 
E2 and E3 repeaters for the insertion 
measurements of the various repeater 
combinations. Figs. 18(C) and (D) show 
the test connections for El 3 or E23 re- 
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peaters. Fig. 18(E) indicates tlie con¬ 
nections for testing the E3 repeater alone 
n on switch position five. 

Equipment 

The E-repeater test set is arranged as a 
portable box-type unit 12 by 15 by 8 1 /2 
inches. A sloping front panel is used 
with the function switch located in the 
center with two sections of the resistance 
standard arranged on each side for ease 
of manipulation. The main jack field is 
mounted on a vertical front plate, just 
below the sloping section, for accessibility 
and to keep the patch cords away from 


the controls. Receptacles for the El re¬ 
peater test cord and power connector are 
mounted on the right vertical side-plate 
along with jacks to receive the El re¬ 
peater center tap connections and connec¬ 
tions from the E2 repeater line. The top 
plate contains E2 and E3 repeater gain¬ 
adjusting networks which use the same 
components and numbering arrangements 
found in the repeaters. All terminals 
have been replaced by pin jacks to permit 
easier interconnection of the network ele¬ 
ments by means of small patch cords. 
At the rear of the top plate, two repeater 
sockets are mounted to receive the plug- 

No Discussion 


in type of repeaters during the test period. 
A thumbscrew locking arrangement is 
used for holding the repeaters securely to 
the test set. A small compartment has 
been built into the rear of the set to pro¬ 
vide space for storing the network patch¬ 
ing cords. 
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impedance inputs over the frequeny band 
of interest. The effect of introducing 
these impedances into telephone circuits 
fan then be computed by the same simple 
network theory used to determine the ef¬ 
fects of passive impedances. 


I N THE exchange telephone plant, 
speech is transmitted largely at voice 
frequencies over a single pair of wires 
which carries both directions of conversa¬ 
tion. Until recently, these circuits were 
mostly unrepeatered, adequate transmis¬ 
sion being assured through a suitable 
■choice of coil loading and conductor size. 
The need for low-cost repeaters for the ex¬ 
change plant had long been recognized, 
but it had not been economical to use 
widely the conventional hybrid type of re¬ 
peater with separate amplifiers for the 
two directions of conversation. The El 
repeater introduced in 1949 was the first 
device designed specifically to meet the 
needs of the exchange plant. It is a bi¬ 
lateral device, which provides gain in 
both directions of conversation without 
the use of hybrid coils or line filters and 
with the use of but a single transmission 
network. 1 This simplicity, together with 
the fact that it imposes little impairment 
on the signaling of the exchange plant, 
makes it well suited to introducing ampli¬ 
fication in 2-wire circuits. 

The El repeater has fully met its de¬ 
sign objectives but its use introduces an 
impedance irregularity which limits its 
application on circuits associated with 
long-distance connections. Two new re¬ 
peaters, the E2 and E3, are being intro¬ 
duced this year to meet the requirements 
of such circuits. The E2 is electrically 
the same as the El and differs only in the 
equipment arrangements, but the E3 is 
a new device having no previous commer¬ 
cial counterpart. This repeater is de- 
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signed for operation in conjunction with 
the E2, and when so used provides an ar¬ 
rangement which can be designed to 
match the line impedance and thus avoid 
the undesirable irregularities introduced 
by a single repeater of the El or E2 type. 
The combination E2-E3 repeater is also a 
bilateral device which introduces gain in 
both directions of transmission on a 2- 
wire circuit without the use of hybrid 
coils. A convenient way to think of such 
a device is as an artificial transmission 
line having a characteristic impedance 
which matches the impedance of the real 
circuits with which it is associated but 
having a negative attenuation constant 
which replaces some of the energy lost in 
the real line. The manner in which this 
is accomplished is the subject of this 
paper. Equipment arrangements and the 
application of these repeaters in the Bell 
System are described in separate papers 
by Smethurst and Rose. 2 - 3 

Negative Impedance Concept 

The E2 and E3 repeater elements each 
contains an amplifier having multiple 
feedback paths. The operation of an 
amplifier circuit of this type can be ex¬ 
plained by classical feedback theory. 
However, experience with the El repeater 
over the past 4 years has shown the value 
of using a negative-impedance concept in 
engineering such a device. Hence, in the 
explanation of operation given here, the 
repeater units will be treated simply as 2- 
terminal networks which have negative- 

Merrill— Theory of E-Type Repeaters 


The E2 Repeater Unit 

The E2 repeater is essentially a 2-ter- 
minal network, the impedance of which 
has a magnitude j Z | and a negative phase 
angle that can vary with increasing fre¬ 
quency from minus 90 degrees, or less, 
through minus 180 degrees to at least 
minus 270 degrees. This type of nega¬ 
tive impedance is shown in the diagram 
of Fig. 1 (A). For many years it has been 
known as the series type because it could 
be produced by connecting the output of 
an amplifier back in series with its input. 
More recently it has come to be known 
as an open-circuit-stable negative imped¬ 
ance because it will not oscillate when its 
two terminals lie open. 


The E3 Repeater Unit 

The E3 repeater is essentially a 2-ter¬ 
minal network the impedance of which 
has a magnitude | Z |and a positive phase 
angle that can vary with increasing fre¬ 
quency from plus 90 degrees, or less, 
through plus 180 degrees to at least plus 
270 degrees. This type of negative im¬ 
pedance is shown in Fig. 1(B). It ha.s 
been known as the shunt type because it 
could be produced by connecting the out¬ 
put of an amplifier back in shunt with its 
input. In more recent years it has be- 
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Fig. 1. The two types of negative impedance 

A—Open-circuit stable B—Short-circuit stable 


come known as the short-circuit stable 
type because it will not oscillate when its 
two terminals are short-circuited together. 

The Negative-Impedance Converter 

The amplifier circuits of both of these 
repeater units perform the same function, 
that of a negative-impedance converter. 
The operation of such converters is illus¬ 
trated in Fig. 2. 

Fig. 2(A) shows the converter as a 4- 
terminal network having a ratio of trans¬ 
formation k and a shift of phase through a 
negative angle of approximately 180 de¬ 
grees over the operating band of fre¬ 
quencies. If, as shown, an impedance 
Z N is connected to terminals 3 and 4 
then the impedance seen at terminals 1 
and 2 will be the impedance Z N multi¬ 
plied by the ratio k and shifted in phase 
through a negative angle of 180 degrees. 

Fig. 2 (below). The negative impedance 


This impedance will (over the frequency 
range of zero to infinity) fulfill the defini¬ 
tion of the impedance presented by the 
E2 repeater. Hence, Fig. 2(A) can repre¬ 
sent the operation of the E2 repeater. 

Fig. 2(B) shows the same converter, but 
here the impedance Z N is connected to 
terminals 1 and 2. The impedance seen 
at terminals 3 and 4 (at least over the fre¬ 
quency band of interest) will be Z N di¬ 
vided by k and shifted in phase through a 
positive angle of approximately 180 de¬ 
grees. This impedance will (if frequencies 
from zero to infinity are considered) ful¬ 
fill the definition given for the E3 re¬ 
peater impedance. Thus Fig. 2(B) can 
represent the operation of the E3 re¬ 
peater. 

From Fig. 2 it is apparent that the same 


Z 0 


A—E2, Open-circuit stable 
B—E3, Short-circuit stable 


Fig. 3 (right). Operation of the T in a transmission line 


converter circuit could have been used 
for both the E2 and the E3 repeaters. 
For practical reasons it was not. How-' 
ever, the ratio k and the phase shift in 
both the converter of the E2 and that of 
the E3 were made approximately the 
same. The ratio k was made approxi- 
mately unity (about 0.94) and the phase 
shift 180 (plus or minus 15) degrees, nega¬ 
tive angle over the frequency range 400 
to 3,000 cycles per second. 

Operation in Transmission Lines 

Within limitations, the E2 repeater 
can be represented by a negative imped¬ 
ance —Z and the E3 repeater can be 
represented by a negative admittance 
— Y. With a negative impedance and a 
negative admittance available, losses of 
transmission lines can be reduced in the 
manner illustrated in Fig. 3. The trans¬ 
mission line is represented by two net¬ 
works as shown in Fig. 3(A). One of 
these (network A) is in the form of a T 
network, the series arms of which are 
represented by impedances Z; and the 
shunt arm by an admittance Y. This 
network has a propagation constant a t -f- 
jft. The attenuation ai represents the 
major portion of the line attenuation, 
and the phase shift ft is that just suffi¬ 
cient to make network A realizable physi¬ 
cally. This representation is necessary 
because network A has image impedances 
both equal to the characteristic imped¬ 
ance (Z 0 ) of the line. If the characteristic 
impedance of the line were a pure resist- 


NETWORK A NETWORK B 

z z 



A—Transmission line 
B—Repeater and transmission line 
C—Result of addition of repeater 



Z 0 
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NETWORK A 


NETWORK B 


« 2 +j/3 2 


}*_transmission line-H 

(a) 



06 2 +j/3 a 


«l+J/0, 

- E2 AND TRANSMISSION LINE ■ 

(B) 


Fig. 4 (left). Opera¬ 
tion of —Z in a 
transmission line 

A—Transmission line 
B—Repeater and 

transmission line 
C—Result of adding 
repeater 



ance, then the phase shift through this 
network could be zero and 0i could be 
zero. But the characteristic impedances 
of actual lines are not pure resistance; 
thus the phase shift 0i must be included in 
network A. The other network (23) is 
shown as a box. It has a propagation 
constant Here 02 represents the 

remaining phase shift in the transmission 
line, and a 2 is an attenuation just suffi¬ 
cient to make network B physically 
realizable in view of the image imped¬ 
ances which are both equal to Z Q , the 


NETWORK 


-Z 

CONVERTER 


V- 1 vvv 

LINE TRANSFORMER 


-Y 

CONVERTER 


characteristic impedance of the line. 
Fig. 3(B) shows the addition to this line 
of a repeater consisting of a T network 
made up of negative impedances —Z in 
the series arms and a negative admittance 
- Y in the shunt arm. The arm -Z of 
the repeater adjacent to the line cancels 
Z of the line. The two admittances - Y 
and Y cancel and the other series arms 
—Z and Z also cancel. The result, as 
shown in Fig. 3(C), is that only the at¬ 
tenuation and phase shift of network B 
remain. 

In practice, the amount of attenuation 
ai which can be canceled by the repeater 
depends on the uniformity, the loss, and 
the type of line. The permissible magni¬ 
tude is computed by conventional meth¬ 
ods which are beyond the scope of this 
paper. 

Fig. 3 has shown how the combination 
of a series and a shunt repeater can annul 
a large part of the attenuation of a tele¬ 
phone line. Much may be accomplished 
also by a series negative impedance alone 
as illustrated in Fig. 4. In Fig. 4(A) a 
transmission line is again represented b} 
two networks A and B. However, net¬ 
work A now is shown as an L configura¬ 
tion having a series arm Z and a shunt 
admittance Y together with an ideal 
transformer of ratio 1 :K where K ex- 


Zj = IMAGE IMPEDANCE 

—o Zi = ^ Z A Z B 

ATTENUATION _ >20 LOG,o 
Zi IN DECIBELS ,0 


Fig. 6. Schematic of the bridged T network 

ceeds unity. Network A of Fig. 4 is 
equivalent to network A of Fig. 3, and 
network B of Fig. 4 is the same as net¬ 
work B of Fig. 3. In Fig. 4(B) the addi¬ 
tion to this transmission line of a single 
-Z such as the E2 repeater is shown 
This negative impedance —Z cancels the 
series impedance Z of network A. The 
result is shown in Fig. 4(C). 

Thus Fig. 4 shows that when a single 
—Z is added in series with the conductors 
of a transmission line the attenuation is 
reduced, but the equivalent of a shunt con¬ 
ductance Y together with an impedance 
transformation is left. The impedance 
transformation 1 :K could be corrected by 
means of a transformer if it were not for 
the shunt element Y. Thus an irregu¬ 
larity is introduced which limits the use of 
a single series repeater. 


The Bridged T Structure 

The discussion of the T repeater, illus¬ 
trated in Fig. 3, was based on the use of 
2-series negative impedances and a shunt 
negative admittance. It is perfectly pos¬ 
sible, and more economical, to obtain the 
same effect by using a single-series im¬ 
pedance in a bridged T structure and this 
is, in fact, what is done with the E2-E3 
combination repeater. Fig. 5 shows how 
this is accomplished by using a center- 
tapped line coil for the E2 repeater with 
the E3 connected as a shunt element to 
the mid-points of the coil. If the coil is 
considered to be ideal this arrangement is 
equivalent to the configuration shown in 
Fig. 6, in which the coil provides the basic 
bridge structure: The E2 repeater is the 
series arm, and the E3 the shunt arm. 
Incidentally, this arrangement of E2 and 
E3 repeaters is similar to Crisson’s twin 
21-type repeater. 4 

For such a bridged T structure, the 
image impedance equals the square root 
of the product of the series and shunt 


NZofTeo 3 


NETWORK 


The bridged T repeater E23 


Fig. 7 (right). Sche¬ 
matic of the bridged 
T repealer 
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anns and tin* attenuation, in decibels (db) 
is as indicated nn the drawing. 

If a network is to be inserted in an elec¬ 
trically long line without introducing an 
irregularity, its image impedance must 
match the characteristic impedance of 
the line. This would be the case for the 
bridged 7’ network if Z A were set equal to 
NZu and Z„ were set equal to Z a divided 
by N. Then the square root of the 
product of Z. A and Z„ would be Z a . 

A network make up of negative imped- 
aaees is designed to match a line in the 
same way, and Fig. 7 is a representation of 
such a structure. Here, as a matter of 
convenience, the shunt arm is shown as 
an impedance with a -f- 180-degree phase 
shift instead of an admittance, as used 
previously. The letter N designates a 
numeric or proportionality constant. It 
will he observed that the product of the 
slmut and scries impedances is a real or 
positive impedance and hence the image 
impedance is a positive impedance, Zq. 
The gain is determined entirely by the 
value of N. Thus if the characteristic 
impedance or a transmission line is known, 
together with the gain that the line can 
support without risk of oscillation, then N 
is known and the repeater network can 
be adjusted for values of Z A and Z B to 
give the required gain. 

The advantage of the bridged T, as 
compared to a single-series negative im¬ 
pedance such as the B2, can be demon¬ 
strated by comparing the relative trans¬ 
mission gains obtainable from the two 
arrangements. Fig. 8(B) shows the in¬ 
sertion loss of a single impedance Z A 
connected in series with a transmission 
line having a characteristic impedance Zq. 
If Z A is a negative impedance such as 
that produced by the E2 repeater, then 


the repeater gain becomes a function of N 
as shown in Fig. 8(C). If N equals 2 
the gain is infinite and the system will 
oscillate. Thus N must always be less 
than 2 where Z A is a negative impedance 
of the series or open-circuit stable type. 
Practically, the impedance of the trans¬ 
mission line is not a constant Z Q but varies 
with termination, line construction, and 
temperature. Thus N should be de¬ 
creased until the negative impedance is 
always less than the sum of the two line 
impedances in series with it, taking into 
account all possible variations in these 
impedances. 

The same limitations on N apply to 
the bridged T repeater of Fig. 7 as apply 
to the single-series repeater. If AT is 2 
the gain is infinite and the circuit will 
sing. This similarity goes further. As¬ 
sume that a sin gle negative impedance Z A 
equal to NZj 180 degrees is inserted in 
series in an electrically long line and N is 
adjusted for stability. If this series ele¬ 
ment is removed and the bridged T of 
Fig. 7 is inserted in the same place and ad¬ 
justed by changing N until the system is 
stable, it will be found that N will have 
the same value in the bridged T structure 
as it had for the single-series negative im¬ 
pedance. 

Thus, if TV is the same in the case of the 
bridged T as in the single series imped¬ 
ance, the gain advantage can be obtained 
by comparing the formulas of Figs. 7 
and 8, from which it can be seen that the 
gain advantage of the bridged T is equal 
in db to 20 logi 0 [l+(iV/2)]. If a single 
series repeater can be used in a line to 
give an insertion gain of 6 db (N= 1) 
then a bridged T can be used to provide 


(B) 

Fig. 9. E2 converter 

A—Schematic 

B—Equivalent circuit 

20 logjo(l+0.5) or 3.5 db additional. 
Thus, in this case the series repeater gives 
6 db gain as compared to 6+3.5 or 9.5 db 
for the bridged T. These gains are 
theoretical; in actual lines with simply 
constructed repeaters the comparison may 
not be quite so favorable to the bridged T. 

The Negative Impedance Converter 

So far the discussion of the E2 and E3 
repeaters has been in terms of a “black 
box” which translates a positive imped¬ 
ance into a negative impedance through a 
multiplying and phase shift operation. It 
will be interesting to examine these boxes 
to see what factors determine their 
characteristics. 

The E2 Converter 

The E2 negative-impedance converter 
is the same as the El. As discussed else¬ 
where 6 it can be represented schematically 
as in Fig. 9(A) and also in terms of the 
equivalent circuit of Fig. 9(B) if the coils 
are assumed to be ideal. The converter 
performs much like a transformer. An 
impedance seen through it is not only 
transformed in magnitude by the ratio of 
11 —m/ 3| to |l+ M | it is also modified by 
the phase shift of this factor which, over 
the operating band of frequencies, ap¬ 
proximates 180 degrees. The symbol 
stands for the voltage gain of the vacuum 
tube and 0 is the ratio of 1 to 1+(1 /jcoCR). 
If both C and R are large, /3 approaches 
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Fig. 10. E3 con¬ 
verter 

A—Schematic 
B—Equivalent circuit 


a = RESISTANCE 
c =s RESISTANCE 

b = OUTPUT IMPEDANCE 
OF AMPLIFIER 


/>1 = 

(B) 


= RATIO OF OPEN CIRCUIT OUTPUT 
VOLTAGE TO INPUT VOLTAGE 
OF AMPLIFIER 
C 


a+b + c 
a 

a + b + c 


unity in magnitude and the ratio of con¬ 
version approaches 1—ju to 1+M- H M 
is large compared to unity, then this con¬ 
version ratio approaches — 1. This ratio 
of — 1 is approximately realized in the E2 
converter, and therefore the conversion 
ratio is not changed appreciably by small 
variations in p. 

In addition to the transformation term 
there is also, as shown in Fig. 9(B), a 
series term, 2 R p divided by l+p. Here 
R P is the plate resistance of the tube, and 
H is the voltage gain, as mentioned before. 
The factor 2 results from the use of two 
tubes in push pull. If p is large com¬ 
pared to unity then this series term be¬ 
comes approximately 2 R p /p. It is en¬ 
tirely dependent upon the characteristics 
of the vacuum tube. As the characteris¬ 
tics change from tube to tube with manu¬ 
facturing variation or in the same tube 
over a period of time or with variation in 
battery supply potential, the term 
2R P (l+p) will change accordingly. In 


percentage this change may be large. 
This is the largest source of variation in 
the E2 converter. It can be minimized 
by operating the converter between im¬ 
pedances much larger in magnitude than 
2 R v /(\+p) so that variations in this 
term have relatively small effect. This 
has been done in the E2 repeater by step¬ 
ping up the impedance of the transmis¬ 
sion line by about 1:9 by means of the 
transformer shown in Fig. 9. 

The E3 Converter 

Theoretically, the same converter used 
for the E2, and shown in Fig. 9, could 
have been used for the E3. Instead of 
connecting the line to the converter 
through terminals 1 and 2, terminals 3 
and 4 would be used. However, because 
the E3 must be designed for connection 
across a transmission line a coil or trans¬ 
former input is not practical since the coil 
would shunt the line at low frequencies 
and introduce excessive loss to dial puls¬ 
ing and 20 cycles per second ringing. 
Without a coil to step up the impedance 
of the line, variations in 2 R p /(l+p) with 
standard triodes are too large to be ne¬ 
glected. For this reason another con¬ 


verter circuit was designed for the E3 re¬ 
peater. 

This circuit is shown in schematic form 
in Fig. 10(A). It consists of two resist¬ 
ances, a and c respectively and an ampli¬ 
fier poled according to the plus and minus 
designation on Fig. 10(A). The output 
impedance of the amplifier has been desig¬ 
nated as b. If the input impedance of 
this amplifier is high compared to other 
circuit impedances, Fig. 10(A) can also 
be represented by the equivalent circuit 
of Fig. 10(B). Here is a conversion fac¬ 
tor simil ar to that in the E2 converter 
and also a series impedance. In Fig. 
10(B) the factor ju is the ratio of the open- 
circuit output voltage to the input volt¬ 
age of the amplifier. In the E3 converter 
this voltage ratio p is quite high because 
the amplifier is a 2-stage arrangement. 
In the design of the E3 both ft and ft 
are approximately one half. Thus pP i 
and juft are both large compared to unity 
so that the conversion ratio (1— pfa)/ 
(1 -J- is approximately unity and rela¬ 

tively independent of variations in p. 
Furthermore, because juft is large com¬ 
pared to b the series term in the converter 
circuit is relatively small, and variations 
in this term have little effect on the opera¬ 
tion of the converter. 
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example, suppose for a given supply fre¬ 
quency f and total flux linkage $ a spe¬ 
cific 0/radians is desired. It is known that 

dd> 

E(t)-N^X 10 


W ITH the availability of high-quality 
magnetic core materials, it has be¬ 
come possible to develop very efficient 
magnetic frequency multipliers. The 
advance of the electronic arts in the de¬ 
velopment of computers and precise con¬ 
trol systems has created the immediate 
need for frequency multipliers which can 
produce exact multiplication of frequen¬ 
cies in power levels ranging from milli¬ 
watts to one kilowatt. Magnetic fre¬ 
quency multipliers as described in this 
paper have superior characteristics to 
electronic multipliers in that they use no 
tubes, moving parts, or rectifiers. Conse¬ 
quently, they are rugged, efficient, insensi¬ 
tive to temperature variations, and can 
deliver large quantities of power. 

The use of the saturable core reactor in 
frequency multiplication circuits was of 
considerable interest in the earlier days 
of the development of radio-frequency 
transmitters. The core materials availa¬ 
ble at that time represented a low quality 
magnetic steel, and consequently the de¬ 
signs developed yielded units which were 
not only inefficient but large in weight and 
volume. In spite of the poor materials 
it was possible to obtain frequency multi¬ 
plication of very high magnitudes. Typi¬ 
cal designs and applications of that period 
are to be found in references 1-5. 

The saturable reactor core has made 
rapid changes in its characteristics as the 
advances in high-quality rectangular- 
loop magnetic materials have been placed 
on the market. As a result, the applica¬ 
tion of magnetic amplifier circuits has 
grown extensively. An equally interest¬ 
ing as well as promising advance for the 
saturable reactors can be found in the field 
of static-frequency multiplication. The 
fact that the rectangular loop core ma¬ 
terials yield a significant percentage of 
high harmonics when operating across the 
knee of the saturation region suggests 
that very efficient frequency multipliers 
of high values of multiplication can be 
developed. 

Paper 54-248, recommended by the AIEE Magnetic 
Amplifiers Committee and approved by the AIEE 
Committee on Technical Operations for presenta¬ 
tion at the AIEE Summer and Pacific General Meet¬ 
ing, Los Angeles, Calif., June 21-25, 1954. Manu¬ 
script submitted March 22, 1954; made available 
for printing May 4, 1954. 

I.. J. Johnson is with the Hufford Machine Works’ 
Los Angeles, Calif.; and S. B. Raxjch, Professor of 
Mathematics, is with the University of California, 
Santa Barbara, Calif. 


The mathematical analysis for the 
general design theory is presented. In¬ 
cluded in the design theory are the effects 
of various types of core materials and cir¬ 
cuitry for selected odd-integer multiplica¬ 
tion ratios. In conclusion, there are 
shown experimental data on the perform¬ 
ance of a standard quintuplar. 

Design Theory 

For the better understanding of the dis¬ 
cussion that follows on the design of fre¬ 
quency multiplier circuits, let us examine 
first the simple series circuit employing a 
single saturable reactor as shown in Fig. 1. 
Fig. 2 represents the corresponding supply 
and load voltages versus time t in radians 
when the a-c supply voltage is adjusted 
to a value which will saturate the core. 
It is well known that the behavior of the 
load voltage is dependent upon the magni¬ 
tude of the supply voltage and the gating 
effect of the saturable reactor. 

Let E(t) = applied voltage; 4>(f) = 
instantaneous total flux in the core; fo = 
time at the beginning of a half cycle, and 
the steady state operation has been 
reached. Thus at the beginning of a half¬ 
cycle, the voltage i£(£)=0 and is going 
positive. The flux in the core is at 
its negative remanance value. As time 
progresses the supply voltage E(t) in¬ 
creases in a sinusoidal manner and the 
flux of the core increases to positive 
saturation at the approximate rate 
<Up/dt=E(t)/NX 10*. 

At saturation the rate of change of 
flux rapidly approaches zero. The volt¬ 
age across the saturable reactor likewise 
approaches zero, and the load voltage ap¬ 
proaches the supply voltage E(t) for the 
remainder of the half-cycle. This condi¬ 
tion is obtained only if the volt-second 
magnitude of the supply voltage is greater 
than the flux linkage magnitude of the 
saturable reactor. Thus one obtains the 
characteristic as shown in Fig. 2. The 
time within the half-cycle at which the 
core saturates is called the firing angle, 
Of, and is conveniently defined in terms of 
degrees or radians. 0/ is completely deter¬ 
mined by the volt-seconds of the half¬ 
cycle and the flux linkages at saturation 
of the core. 

The firing angle can be adjusted to any 
preassigned value by the proper selection 
of volt-seconds and flux linkages. For 


d<f> =°—XE(t)dtXl(P 
N 

and if 4>—0 at to— 0, and <£=<£ at t f , where 
tf is the time of saturation of the core 
during the half-cyde, then 

1 r tf 

# (flux linkages) = — I E(t)dt X 

NJ t, 

10® (volt-seconds) 

Using 8=2irft, where 0=0 at t=k, 
0=0/ at l—tf, one obtains 


$ (flux linkages) ■ 


i r Bf 

'torfNj o 


E{8)deX 


10® (volt-seconds) 

For the important application of sinu¬ 
soidal voltage E(t)=E mUL sin 2rft 


C 8f 

• I sin0<WXlO® 


Eu** (volts) =;— J ——4> X10-® 

1—cos Of 

It is noted that the initial time t=0 
was determined by the supply voltage 
E(t) —Erma sin (2 *fl). To obtain multi¬ 
plication it is necessary to use separate 
supply voltages which are equal in magni¬ 
tude but shifted in phase by multiples of 
the angle 0/. For all odd numbers of 
multiplication the supplies can have a 
common ground and a single load. An 
example of such a circuit is shown for a 
tripler in Fig. 3. It can be seen that no 
two reactors can be saturated at the same 
time, for if they were the supplies would 
be short-circuited. For this reason, it is 
required that »(ir—0/) = v. In the general 
case fen frequency multiplication by an 
odd integer n, for which the supplies have 



Fig. 1. A simple series circuit with a saturable 
reactor 
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Fig. 2 (left). Supply 
and load voltages 
versus time for the 
circuit of Fig. 1 


E(t)° E SIN Cut 


. 

I E(t)«E(o>t + e f ) I 

I X 


Fig. 4 (right). Com¬ 
posite wave forms 
which yield fre¬ 
quency tripling for 
the circuit in Fig. 3 


i(t)« ESINtat-* 2 e f ) 


"■-r 


E l * E(3«ut) 


a common ground and single load, the 
firing angle is determined by 


V/ rr\\y '°2TT 
TIME t, IN RADIANS 


■(=?) 


and the n distinct supplies are phased such 
that 

jSx = -Emax sill (2 irft) 

B.rt = Emax sin (2irft+df) 

JSa — jEmax sin (2irft+20f) 


Bn =* Emox sin ( 2vft-\r[n — 1]0/) 

A graphical illustration showing the 
manner in which frequency tripling multi¬ 
plication results is provided in Fig. 4. 
The corresponding circuit in Fig. 3 shows 
three separate supplies shifted in phase 
2?r/3 radians. Thus the firing angle for 
any of the three phases is fixed at 2 t/ 3 
radians, for optimum conditions. The 
curves a, b, and c in Fig. 4 represent the 
supply voltages in dashed lines and the 
contribution to load voltages of each 
supply in solid lines. The voltage across 
the load is the sum of the contributions of 
the separate phases, and the resultant is 
shown as c in Fig. 4. It should be noted 
that each reactor fires only once during 
the half-cycle of its own supply. 

Frequency triplers are easily made 
since 3-phase supply systems are com¬ 
monly used. Phase-changing transfor¬ 
mers can be used with 2- or 3-phase sup¬ 
plies to obtain higher odd multiples of 
phases required for higher frequency 
multiplication values. 

Even integer frequency multiplication 
is obtained by using circuits containing 
rectifiers, d-c bias circuits, or permanent 
magnet bias. For even multiples the 
weight and volume of multiplier units are 
larger for a given power rating than the 
corresponding values for odd-integer 
multiplier units. This is a result of the 
use of biased cores which are saturated 
at only one end of the hysteresis loop. 
Therefore, the number of reactors is 
doubled for each phase. Even integer 


multiplication will be considered in detail 
in a future paper. 

Discussion 
Wave Form 
Core Materials 

The output voltage wave form of the 
frequency multiplier is dependent upon 
the saturation characteristic around the 
knee of the hysteresis loop of the core ma¬ 
terial employed. Fig. 5(B) is a repre¬ 
sentative plot of hysteresis loop sections 
of three well-known magnetic core ma¬ 
terial types. The rate at which satura¬ 
tion occurs is markedly different for the 
three cases shown. 

In Fig. 5(A) there are shown the supply 
voltage wave form E(t) and the normal 
flux wave form as basic parameters. 
Superimposed on these two curves are the 
load voltage characteristics and the flux 
time characteristics for the three core 
materials in Fig. 5(B). The wave form 
of the load voltage when using core A is a 
chopped sine wave. Core B yields a load 
voltage wave form with reduced high fre¬ 
quency harmonics, and core C provides a 
load voltage wave form which is most 



E SIN tot 


ESiN(o>t+e f b 


ESIN tat t2€ 


Fig. 3. Three separate supplies shifted in 
phase 2 t/ 3 radiant 

A—Rectangular hysteresis loop core material 
characteristic 

B—Schematic diagram of a tripler 


nearly sinusoidal. Fig. 5(C) is a cur¬ 
rent-time relationship of load current I(t) 
for the three core materials. 

Although Fig. 5(A) indicates a most 
nearly sinusoidal wave form for core C, 
the reader should not be misled by this 
conclusion, since 6 f changes as the multi¬ 
plication factor n increases. For a trip¬ 
ler, i.e., w=3, core C would yield a near 
optimum wave shape. For the quintup- 
lar, core B is more appropriate since the 
firing angle 0, is closer to the value it. 
Thus, one must reproduce a sine curve in 
a smaller portion of the supply wave 
which will require a more peaked satura¬ 
tion spike. In general, as the ratio of 
load frequency to supply frequency in¬ 
creases, the knee of the saturation curve 
must become more rectangular. 

Loading Effects 

Although the wave form is not appre¬ 
ciably -affected by linear loads, the non¬ 
linear loads such as magnetic amplifiers 
and biased rectifiers will alter the wave 
form on an impedance ratio basis. There¬ 
fore, it is desirable to maintain the multi¬ 
plier internal impedance low on a dy¬ 
namic basis. This can be accomplished in 
design by the use of low internal winding 
resistance, which increases the weight an 
volume of the unit. Another method 
available is the use of tuned output cir¬ 
cuits. 

Removal of Undesired Harmonics 

Although undesired harmonics m the 
load currents which are the resul so 
nonlinear loads can be reduced by the tw 

J methods described in the ^ceding ^ 

tion, only the toned output orcrnt method 
will reduce undesired tonnomcs^* 
are generated within the , p 

i Tuned output circuits can be apph 
cessfully with output wave 

I have maximum total harmonic 

of 0.5 per cent. . nre ma- 

The selection of appropriate cor 
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Fig. 5. Effects of various core materials on output voltage wave form 

A—Plot of voltages and flux versus time in radians 
B—Typical hysteresis loops for 3-core materials 
C—Plot of load currents versus time in radians 
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Fig. 6 (above). Cir- do not require tuned output devices, 
cuit schematic for a Since the internal multiplier losses are 
frequency quintuplar primarily resistive, the best design proce¬ 

dures should mini mize the winding resist¬ 
ances. 

In many applications the reduction of 
weight and volume is an important con- 


terials and low impedance windings can 
yield designs which produce output wave 
forms with less than 5 per cent total har¬ 
monic distortion, without the use of tuned 
output circuits. 

Regulation 

The regulation of the load voltage and 
frequency is related dosely to the regula¬ 
tion of the supply. The dynamic charac¬ 
teristics of the output can be improved 
considerably for load transients by the use 
of tuned output circuits. However, the 
additional d-c resistance contributed by 
spedal tuning devices is detrimental to 
optimum steady-state regulation. 
Steady-state regulation is held to a mini¬ 
mum by the careful selection of design 
parameters, induding winding resistance, 
core materials, and reduction of eddy cur¬ 
rents. 

Since frequency multipliers operate on 
the saturation principle, it is necessary to 
limit the regulation of supply voltage and 
frequency. The optimum operation de¬ 
mands dose regulation on both supply 
voltage and frequency. The overvoltage 
tolerance of frequency multipliers is de¬ 
termined mainly by the multiplication 
factor, the desired operating efficiency, 
and the output wave form tolerance. As 
has been indicated previously, the satura¬ 
tion characteristic of the op timu m core 
material for a given multiplier is deter¬ 
mined by its multiplication constant n. 
Furthermore, if at any time two cores are 
saturated, the corresponding supply phase 
will be short-circuited, and the short- 
circuit currents not assodated with the 
load can flow through the two reactors. 


Since frequency multipliers with low 
values of n normally employ core ma¬ 
terials of the type shown in Fig. 5(B), 
curve C, it follows that supply voltage 
regulation tolerance is at a maximum; 
consequently, the rectangular core 
characteristics require the dosest supply 
voltage regulation. Overcurrent protec¬ 
tion should be provided in each phase of 
the supply voltage as well as in the load 
circuit to obtain maximum multiplier 
protection. 

Efficiency 

The efficiency of frequency multipliers, 
as in all other power devices is determined 
by the internal losses and the delivered 
power. A well-designed frequency multi¬ 
plier will have in general power efficien¬ 
cies in the range of 50 to 90 per cent over 
its useful load range. Wave form cor¬ 
rection devices such as tuned output cir¬ 
cuits decrease power effidency, since un¬ 
wanted harmonics must be dissipated 
within the multiplier. For this reason 
it is desirable to design multipliers which 

Table I. Quintuplar Specifications 

Input 

Supply Voltage.125 volts, 3-phase 

Supply Frequency.400 cycles per second 

Supply Regulation.±2 per cent on volt¬ 

age and frequency 

Output 

Voltage..125 volts, single-phase 

Frequency..2,000 cycles per 

second 

Power.3 watts 

Duty Cycle...continuous 

Distortion.less than 1 per cent 

total harmonic dis¬ 
tortion 

Impedance.. .low as practicable 


sideration. Methods which will reduce 
the weight and volume include single 
windings on saturable reactors, careful 
choice of core materials, and the use of 
reasonable tolerances for harmonic distor¬ 
tion. Single coils on reactors allow the 
entire window to be used for one winding, 
thereby optimizing the power rating of a 
given reactor. A carefully chosen core 
characteristic will maximize the desired 
harmonic content at the desired frequency 
which minimizes the over-all core volume. 
Increased unwanted harmonic tolerances 
can eliminate the need of external tuning 
components. 

Experimental Evaluation 

The authors have designed and built 
frequency multipliers with power ratings 
ranging from 1 to 300 watts and with 
multiplication values n ranging from 3 to 
10. The application of the principles 
described in the foregoing design theory 
was used to obtain high efficiency andt: 
good wave form. Multiplier efficiencies 
having magnitudes as high as 90 per cent 
were achieved. An increase in weight 
and volume over rotary equipment which 
yielded equivalent power and frequency 
ratings was noted in all units, but the ad¬ 
vantageous characteristics of reliability, 
long life, and almost no maintenance 
problems were evident for the magnetic 
frequency multipliers. A specific exam¬ 
ple of frequency multiplication is the 
quintuplar having the specifications 
shown in Table I. 

The circuit for this multiplier is shown 
in Fig. 6. It is necessary to incorporate 
transformers in the 400-cyde supply cir-. 
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Fig. 7. 


cuit in order to change the three phases to 
five phases. The saturable reactor circuit 
is similar to that shown in Fig. 3(B), ex¬ 
cept for the use of the 5-phase star circuit. 
Since the firing angle 0/ should be 4ir/5 
radians, a core material having a moder¬ 
ately rectangular hysteresis loop is desira¬ 
ble. Fig. 5(B), curve B, is a representa¬ 
tive plot of the desirable core material 
characteristic. 

The requirement for the total distor¬ 
tion not to exceed 1 per cent necessitates 
the introduction of a tuned output circuit 
since the core material chosen produces 
distortions in the order of 5 to 10 per cent. 
It may be noted further that the output 
circuit includes a transformer which is 
used to obtain the rated output voltage of 
125 volts at rated load. The resonant 
transformer as used provides both the 
proper voltage as well as low impedance 
to transient loads. Although the tran¬ 
sient impedances are low, the impedance 
for steady-state conditions is relatively 
unaffected by the tuned output circuit. 

The losses in the basic multiplier unit 
axe the sum of the winding losses and core 
material losses. The circuit as shown in 
Fig. 6 has a particular advantage in reduc¬ 
ing internal losses since only one winding 
per reactor is used. The single winding 
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Output characteristics for a 3-watt 
quintuplar 


can occupy completely the core window, 
thereby allowing a larger wire size for the 
reduction of resistance. Previous multi¬ 
pliers, such as described in reference 6, 
have employed wye-to-delta transforma¬ 
tion requir ing two windings per core 
which inherently increases copper losses 
by a factor of four. 

Tests on the unit just described yielded 
a load characteristic curve as shown in 
Fig. 7. Although the curves for Fig. 7 
describe the behavior of a specific quin¬ 
tuplar, they can be considered to be typi¬ 
cal for frequency multipliers of this type. 
The output wave form for the 3-watt 
q uint uplar had a measured toal harmonic 
distortion of 0.5 per cent. The over-all 
dimensions, including transformers and 
resonant circuits, were approximately 3 
by 3 by 5 inches, and the weight was ap¬ 
proximately 4 pounds. The volume and 
weight of frequency multipliers do not 
increase linearly with power rating. 
For example, a 25-watt quintuplar, 400- 
2,000 cps, employs the same volume and 
has approximately the same weight. A 
300-watt quintuplar for the same fre¬ 
quency requirements will need 4 by 6 by 
7 inches and will have a weight of approxi¬ 
mately 30 pounds. 

Conclusions 

When design procedures as set forth 
in tiiig paper are observed carefully, mag¬ 
netic frequency multipliers can be built 
which have reliability and long life 
equivalent to power transformers. The 
efficiencies can be maintained within a 
50 to 90 per cent range for high multi¬ 
plication values. Although commer¬ 
cially available units are larger and 


heavier than their equivalent rotary high- 
frequency generators, they are to be pre¬ 
ferred where space and weight are not the 
prime requirements. 

The effect of a low power factor load on 
frequency multipliers is a shift in the 
firing angle of reactors referred to their 
respective supplies. Since the reactor of 
each phase has a fixed volt-second magni¬ 
tude, the presence of a reactive component 
in the load will not affect the volt-ampere 
output rating of the multiplier. 

The details of this paper have dealt 
with odd-integer frequency multiplica¬ 
tion. It is not to be inferred that mag¬ 
netic frequency multiplication is limited 
to the odd-integer multiplications. The 
design details for even-integer multipliers 
are similar in nature but require dif¬ 
ferent circuit techniques to obtain opti¬ 
mum performances. Design details for 
even-integer multipliers will be presented 
in the future. 
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Discussion 

L. A. Finziand G. C. Feth (Carnegb Institute 
of Technology, Pittsburgh, Pa.): At the 
start of the paper it is recalled that magnetic 
frequency multiplication circuits have been 
known for many years. It may be of his- 
toxical interest to mention that the earliest 
disclosure of a frequency multiplier of the 
type shown in Fig. 3(B) is found in a patent 
issued in 1912. 1 This does not detract from 
the merit of the authors, who have most 
judiciously chosen a proper range of fre¬ 
quencies and powers for their multipliers 
and have obtained remarkably practical 
results. 

We do not quite agree, however, with the 
d esign theory given. It seems to us that the 
choice of an angle of firing 0/= [(»—l)/«]ir 
in a frequency multiplication by n does not 
prevent intervals of simultaneous saturation 
of reactors in pairs in the steady state. 
Under the assumption of low winding resist¬ 


ances, of stiff voltage sources, of resistive 
loads and of core materials sensitive enough 
to allow for an analysis in terms of' angles of 
firing,” it seems rather necessary to use 
values of 0/ larger than those indicated, if 
short circuits of the supplies are to be 


Diaea. 

Consider for instance Fig. 3(B) with sym- 
trical line-to-neutral source voltages 
=Eme.x sin at, e 6 =-E™xsin(wi-120 de¬ 
les) and = jSmwt sin(«/—240 degrees), 
hese are the voltages represented by the 
shed lines of Fig. 4.) Shortly before a 
iches 180 degrees reactor a is in saturated 
nditions while the other two cores, un- 
turated, are absorbing voltages. At tot 
180 degrees the voltage e a goes to zero and 
en reverses, but this is not sufficient to 
move reactor a from saturation if, by the 
sutned choice 0/=12O degrees, reactor e 
•es just at this time. With c saturated a 
Lort circuit current flows in the loop of the 
actor windings a and c and the direction 
; this current is such to prevent reactor a 


from entering its unsaturated repon. This 
short circuit persists until |fa|H«o|> 
until oof =210 degrees; it is only from this 
point that e a prevails upon e 6 and the re¬ 
actor a starts absorbing (negative) volt time 

areas. , .. . 

To allow reactor a to stop conducting at 
tat =» 180 degrees it is necessary to delay the 
firing of core c. Then a process of negative 
volt time areas absorption may well initiate 
in core a; subsequently, if c fires at any time 
for which |«,|>|*»| this process may well re¬ 
verse, that is, core a is pushed back toward 
the initial positive saturation and may or 
may not re-fire. It can be shown that if 
Or =137 degrees, core a barely reapproaches 
positive saturation at w£=*=210 degrees and 
from then on it is steadily brought down 
toward negative saturation, under the com¬ 
bined action of e a and of the voltage which 
appears across the load because of satu¬ 
ration of 6 or c. It is found that the crest of 
phase voltage En*x (volts) is related to the 
turns N of reactor winding and to the core 
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saturation flux <f> Bat (webers) by £ mai = 
1/V3 for 0/=137 degrees. 

We are discussing these overlap phenom¬ 
ena and their prevention at length because 
the matter of simultaneous saturation of 
reactors is of concern not only in the design 
of frequency multipliers but also in the 
broader field of polyphase magnetic ampli¬ 
fier applications. (In fact, similar problems 
occur also in polyphase switching circuits, 
thyratrons etc.) 

The authors have recognized the useful¬ 
ness of less sensitive cores as a means to re¬ 
press overlap short circuits. But the analy¬ 
sis and design theory becomes much more in¬ 
volved when clean-cut concepts of firing are 
abandoned. This makes the practical in¬ 
formation given in the paper even more 
interesting. 
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L. J. Johnson and S. E. Rauch. The authors 
wish to thank the discussers for their worth¬ 
while addition to the paper. For the theo¬ 
retical case in which remanence flux is equal 
to the saturation flux, they are correct in 
their analysis of the short-circuit conditions 
which would exist for a tripler between the 
angles of 120 to 137 degrees. 

Rectangular core materials which are 
commercially available today have a rema¬ 
nence flux ranging from 5 to 10 per cent less 
than saturation flux measured at one oer¬ 
sted, as quoted by Arnold Engineering Com¬ 
pany for their Deltamax material. The 
average remanence flux is approximately 7 
per cent below the saturation flux measured 
at one oersted. In the practical application 
of the best rectangular core materials to 
magnetic frequency multiplication, the flux 
change above remanence is sufficient to 
limit the cross-fire currents to magnitudes 
considerably less than rated load currents. 
For this reason the firing angle defined as 


0 /=[(w — 1 )/«]tt is a realistic evaluation ' 

For magnetic frequency multiplication of >■ 
the type discussed in the paper, the cross, 
firing effects due to sharp saturation are ; 
most pronounced for the tripler. As is i 
stated in the third paragraph of the section ! 
"Core Materials,” rectangular flux char- I 
acteristies become increasingly desirable < 
with increasing multiplication factor «. 

As a consequence, the allowable limit of flux ; 
change above remanence can be reduced as * 
the multiplication factor increases. 

The authors agree with Mr. Finzi and Mr. I 
Feth that cross-firing is very important in ] 
multiphase magnetic amplifiers. The firing :• 
angle is controlled and varied in such cases ? 
by resetting the core while rectifiers block i 
the current flow in the load circuit. Cross- j 
firing limits the available reset time; there- j 
fore it reduces the effectiveness of the ap- ] 
plied control voltage. In contrast, the mag- j 
netic frequency multiplier has no similar \ 
control reset function. j 


Accurate Tacliometry Methods 
with Electronic Counters 


believed to be an approach to satisfying ! 
all of them. 

Tachometry by Time Interval 
Measurement 


J. M. SHULMAN 

ASSOCIATE MEMBER AIEE 


Synopsis: High-speed electronic counters 
have become commercially available within 
the past few years which indicate by means 
of a display of neon-lighted figures, and 
can count from 20 to 100,000 events per 
second or more with an inherent accuracy 
of ±1 count in the measuring interval. 
By relatively simple modifications of the 
basic counting circuits in these instruments 
they can also be used for measuring short 
intervals of time to an accuracy of ±10 
microseconds. The measured time interval 
is displayed directly in figures indicating 
the decimal fraction of a second to the 
nearest hundred-thousandth. Tachometry 
is a fruitful application of these instruments. 
Three methods of using the counters in 
tachometry are described here, and the 
advantages and limitations of each method 
are discussed. 


problem is attested by the considerable 
literature on dectronic tachometry. 1-6 
However, prior to the use of the decimal 
electronic counter 7 most of the arrange¬ 
ments were too complicated and cumber¬ 
some for general use. 

Eight criteria were set up as a basis 
for determining the rdative merit of dif¬ 
ferent tachometry methods: 

1. Can measurements be obtained at any 
speed within the required range to the 
required accuracy? 

2. Can measurements be obtained without 
mechanical coupling to the shaft? 

3. Is human error minimized? 

4. Can measurements be taken by one 
person instead of two? 


In this method of determining shaft j 
speed, the time interval for 1 revolution of I 
the shaft is measured and displayed in 
hundred-thousandths of a second by the I. 
counter. Fig. 1 shows the block diagram 
of the system for doing this. The output j 
of a 100-kc osdllator is fed through an 
dectronic gate to the counter input. A 
magnetic pickup placed near the keyway 1 
on the shaft produces a signal which • 
starts and stops the electronic gate on sue- j ; 
cessive signal pulses produced as the key- j 
way passes the pickup. The number of 
cycles of the 100-kc osdllator output per- | 
mitted to pass through to the counter j: 
within the period of 1 revolution T s is j: 
thus numerically equal to T R in hundred- i 
thousandths of a second. This number is 1 
displayed by the counter and repeated at j 
any preset interval. The shaft speed in 
revolutions per second is the redprocal 
of the counter reading times 10.® 

The time interval method has an in¬ 
herent accuracy inversely proportional to 
the measured speed, as shown in Fig. 2. 

Paper 54-290, recommended by the AIEE Instru¬ 
ments and Measurements Committee and ap¬ 
proved by the AIEE Committee on Technical 
Operations for presentation at the AIEE Summer 
and Pacific General Meeting, Los Angeles, Calif-, 
June 21-25, 1954. Manuscript submitted August 
21, 1953; made available for printing April 27, 
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J. M. Shulman is with the Westinghouse Electric 
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A PERSISTENT problem of making 
rapid, accurate speed measurements 
on a large motor test floor led to the in¬ 
vestigation of the commerdally available 
electronic counter as a tachometer. In 
developing a form of tachometer suitable 
for the particular test floor conditions in¬ 
volved, three tachometry methods were 
investigated. Since each of the three sys¬ 
tems has advantages and disadvantages 
for any given application, all three will 
be discussed with the aim of pointing 
these out and indicating thereby the par¬ 
ticular applications in which each might 
be most useful. The importance of this 
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5. Can the equipment be used by relatively 
unskilled personnel? 

6. Can the equipment, particularly the 
pickup device, withstand mechanical abuse? 

7. Can a change in measurements from 
one shaft to another be made easily and 
quickly? 

8. Is the reading obtained directly in 
revolutions per minute (rpm)? 

All the tachometry methods used prior 
to the electronic counter failed to meet one 
or more of these requirements. The 
first two electronic counter methods to be 
described, while not meeting all the re¬ 
quirements, filled some of them out¬ 
standingly well. The third method is 
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, 1 (above). Block diagram of system for determining shaft speed by 
measurement of time interval for 1 revolution 

2 / rig |, t> Theoretical maximum accuracy of speed measurement by 
time interval 
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This is the theoretical accuracy based on 
i counting accuracy of il count in the 
nterval T R . Other errors in the system 
may raise the line slightly, but over the 
speed ranges most commonly measured, 
between 100 and 10,000 rpm, the order of 
accuracy obtainable is higher than that 
possible with most nonlaboratory tachom- 
etry methods. At very high speeds it 
would be possible to increase the accuracy 
by use of a higher frequency oscillator or 
by counting for more than 1 revolution. 
The high accuracy of this method, par¬ 
ticularly at speeds of 3,000 and lower, is 
its primary advantage. Its disadvan¬ 
tage is that it is not a direct-reading 
method. 

Direct-Reading Tachometer with 
Mechanical Multiplier 

Fig. 3 shows the block diagram of an 
arrangement mechanically obtaining and 
then counting 60 times the number of 
shaft revolutions per second and thus dis¬ 
playing on the counter the exact rpm of 
the shaft. A 60-tooth steel disk mounted 
on the shaft is used with a magnetic 
pickup to give a number of output pulses 
per second numerically equal to rpm. 
These pass through an electronic gate to 
the counter. The gate is opened and 
dosed by two successive pulses spaced at 
exactly 1 second from a time base gen¬ 
erator. Depending on the accuracy of 
the time base desired, the 1-second time 
base can be derived from either a 100-kc 
oscillator or from a 60-cycle line fre¬ 
quency. 

The main disadvantage of this method 
is the necessity of having a portion of 
shaft extension available on which the 


Hiqk can be attached. Also the problem 
of moving the disk from one shaft to 
another may be a disadvantage if motors 
having many shaft sizes are to be tested. 
The practical importance of this particu¬ 
lar point as it relates to a motor produc¬ 
tion test floor is worth stressing. In the 
laboratory, it is considered no trouble at 
all to put an attachment on a shaft for 
tachometry purposes. On a test floor, 
however, the operation is time-consum¬ 
ing. and test personnel will tend to fall 


SHAFT SPEED-RPM 

back on more convenient methods rather 
than put on and take off disks even when 
adequate adapters are available. The 
desire to eliminate the disk was the main 
motivating factor which led to the de¬ 
velopment of the third method. 

Direct-Reading Tachometer with 
Electronic Multiplier 

As shown by the block diagram in Fig. 
4, this is a method in which the counter 
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Fig. 4. Direct-reading tachometer with locked oscillators controlling a count of 60 times the 

revolutions per second 


counts and displays the number of cycles sion of a time interval, in this case the 
per second of the last of a series of sinu- period of 1 revolution of the shaft, into 

soidal oscillators. Each oscillator in the equal parts. This is essentially the same 

series is locked by one of lower frequency, action that the disk accomplishes mechan- 

and the first one in the series is locked by a ically when its teeth are equally spaced 

1-pulse-per-revolution signal from the around its periphery. On the other hand, 

shaft. If the total multiplication of the se- electronic multiplying circuits which pro- 

ries is 60, the frequency of the last oscilla- duce a discrete number of output signals 

tor is numerically equal to the shaft speed for each input signal cannot do this. 8 

in rpm. The arrangement shown in Fig. 4 They would correspond in the mechanical 

in effect substitutes an electronic circuit analogy to a disk having its teeth extend- 

for the 60-tooth disk in Fig. 3, and thus ing over only a portion of its periphery, 

gives a direct-reading method without the In terms of speed-measuring accuracy 

disadvantages of the disk. this means that the use of synchronized 

Synchronized free-running oscillators oscillators can give speed readings to the 

used for multiplication of frequency in inherent accuracy of the counter, dbl 

this way can actually accomplish the divi- count in the counting interval, whereas 


Table I. Frequency Ranges for Different 
Ratios 


Locking Ratio 

Locking Range, 
Per Cent of 
Highest Frequency 

5 to 1 . 

. 13 5 

4 to 1. 

. 14 8 

3 to 1. 

. 22 0 

2 to 1 . 

......... OK 0 



with straight multipliers the accuracy 
is less because the input to the counter 
consists of series of pulses separated by 
gaps and the count is affected by the 
point in the sequence at which the meas¬ 
uring period starts. 

It is convenient to use locking ratios of 
3, 4, and 5 to obtain a total multiplica¬ 
tion of 60. Fig. 5 shows a circuit usin g 
phase-shift oscillators 9-12 with circuit 
constants for locking 3,600-cycle nominal 
output with 60-cyde input. In tests to 
determine the frequency ranges over 
which these circuits will lock at different 
ratios, the results shown in Table I were 
obtained: 

To cover a speed-measuring range 
greater than the lowest locking range ob¬ 
tainable, it is necessary to provide means 
for changing the oscillator frequencies 
either continuously or in switched steps. 
The latter method is convenient when 
speed measurements are to be made on a-c 
induction motors only, since the slip 
within the loading range is usually less 
than 10 per cent. 

Signal Pickup 

A satisfactory pickup for getting sig¬ 
nals from a shaft key way, or toothed disk, 
is essential to the success of any of the 












Fig. 6 (left). Mag¬ 
netic pickup and 
60-tooth disk signal 
generator combina¬ 
tion 


three tachometry methods described. 
Photoelectric pickups of several types 
were tried on the test floor. Because 
they could not stand abuse and were diffi¬ 
cult to adjust and susceptible to stray 
pickup, none of these were considered 
entirely satisfactory. A rugged magnetic 
pickup was designed for use with a 60- 
tooth disk, as shown in Fig. 6. This 
pickup has enough sensitivity to be used 
1/2 inch or more from either the disk or 
a shaft, as shown in Fig. 7. The shape 
of wave forms obtained in each case is 
shown in Fig. 8. 

Summary 


Fig. 7 (right). Pickup 
response characteris¬ 
tics: Solid line, 

with disk; dash 

line, with keyway 
in shaft 



DISTANCE FROM PICKUP TO SHAFT -INCHES 


From the standpoint of operating con¬ 
venience, the electronic tachometer shows 
real worth on a production test floor, 
where it is usually impractical to make 
and use a laboratory-type setup for get¬ 
ting accurate speed measurements. The 
counter portion of the electronic tachom¬ 
eter may be mounted on or near the 
meter board in such a way that the tester 
can take speed readings along with other 
meter readings. A second operator is 
not required to hold or watch the pickup, 
which can be mounted on a tripod adja¬ 
cent to the shaft and left alone. A co¬ 
axial cable suffices to connect the pickup 
with the counter system. In the first 
and third methods described, the pickup 
can be moved quickly from one shaft to 
another. Except for phase reversal the 
signal generated by the pickup is the same 
whether the key way is open or filled with 
a steel key; therefore, speed can be 
measured whether or not the motor is 
coupled to a load. 
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Discussion 

R. M. Saunders (University of California, 
Berkeley, Calif.): To Mr. Shulman's 
excellent paper on tachometry methods 
employing some techniques of digital 
counting and display, I should like to add 
a note about the photoelectric method 
which he dismisses as being an unsatis¬ 
factory test floor operation. While it is 
true that photoelectric devices are more 
susceptible to mechanical damage than 
inductive devices, and that they generate 
spurious signals owing to ambient light, 
there are instances where no other type of 
pickup can be used. When working with 
machines whose power output is affected 
by the variable magnetic reluctance effects 
of the transducer or the windage of a disk 
similar to that shown in Fig. 6, or whose 
shaft is not equipped with a flat-spot for 
a keyway (or in some cases never brought 
out), recourse to photoelectric methods is 
an absolute requirement. Such cases arise 
in dealing with actuators and transducers 
used in feedback control systems. 

As a case in point, in our undergraduate 
electrical machinery laboratory we offer 
an experiment on the acceleration method 
of measuring the torque of a gyrospin 
motor. The terminal speed of this motor 
is 24,000 ipm and develops a maximum 
torque of approximately 5 ounce-inches. 
In this case the tachometry is performed 
by cutting a small window in the housing 
of the gyro and inserting a clear plastic 
window. The rotor is then painted with 
six alternate black and white segments 
which are looked at by a photoelectric 
light source and cell combination. The 
output from the photoelectric cell is then 


fed directly into the events-per-unit-time 
indicator and the speed is then given in 
tens of revolution on a 4-register counter. 
This motor takes 5 to 10 minutes to ac¬ 
celerate to full speed. During that time 
there is an adequate period in which 100 
observations of the speed of the motor 
can be recorded. By subtracting adjacent 
readings, and knowing the moment of 
inertia, the torque developed by the motor 
can be obtained. 

For application to larger motors, a 
standard strip of paper with 60 segments 
has been developed for use with our stand¬ 
ardized laboratory couplings. This strip 
of paper is glued on the couplings resul ting 
in a display in rpm, thus performing the 
same function of multiplication as Mr. 
Shulman’s electronic multiplier. 

Mr. Shulman has very nicely solved the 
problem of the testing of large induction 
motors and other machines of fairly large 
size on a test floor where, by the very nature 
of the equipment involved, the workmen 
are not sufficiently careful to use photo¬ 
electric pickups. The situations which I 
have described have been applied largely 
to laboratory or testing precision equip¬ 
ment, where the care exercised is more the 
caliber of instrument work, and the danger 
from mechanical shock is greatly min imiz ed 


J. M. Shulman: As Mr. Saunders points 
out, there are many applications where a 
photoelectric pickup system might be better 
than a magnetic pickup, or where a mag¬ 
netic pickup might be ruled out entirely. 
The remarks about pickups were not in¬ 
tended to discourage the use of photoelectric 
pickups where they are applicable. 

Mr. Saunders’ comments on how he is 


using the counter to obtain speed-torque 
characteristics on a motor having long 
starting time are of interest. Accurate 
speed-torque curves on large motors are 
difficult to obtain by load testing, and the 
so-called inertia method in which an gnW 
acceleration is measured as a function of 
time and plotted as a function of speed 
during the starting period is potentially 
a solution to this problem. The method 
used by Mr. Saunders is of course much 
too slow for most motors, which start in 
a few seconds or a fraction of a second. 
Considerable work, notably that of S. S. L. 
Chang of New York University, has been 
done in making speed-torque curves by 
photographing an oscilloscope trace, with 
the use of electronic means to obtain speed 
as a function of time and to differentiate 
the speed-time characteristic. H. W. 
Hansen of Westinghouse Electric Corp., 
Sunnyvale, Calif, and the author have 
developed a number of improvements in 
this method and hope to present the results 
in the near future. 

John Corl of Berkeley Scientific Division, 
Beckman Instruments Inc., Richmond, 
Calif., has pointed out that any system using 
free-running oscillators is not fail-safe. 
This is true and must be taken into account 
when using the third method. Mr. Corl 
proposes that a fail-safe direct-reading 
tachometer could be formed by a digital 
converter which would measure the time 
interval, as described in the first method, 
and operate on this number by taking the 
reciprocal and multiplying by 6X10 n , 
where n is determined by the unit of time 
used in the measurement. If this could 
be done at reasonable cost, it would form 
an ideal tachometer from the standpoint 
of the requirements listed in the paper. 


Networks for Digital-to-Analogue Shaft- 
Position Transducers 

S. J. O’NEIL 

ASSOCIATE MEMBER AiEE 


switching components necessary. The 
direction of the magnetic field induced by 
the stator voltages is compared with the 
direction of the rotor coil axis. The rotor 
shaft turns through an angle proportional 
to the digital input. Magnetic convert¬ 
ers of this type are inherently minor-arc 
sensing devices. 


D IGITAL computers have been used 
extensively in the solution of mathe¬ 
matical problems requiring both speed 
and accuracy in their computation. More 
recently, digital computers are being em¬ 
ployed to control analogue equipment. 
The control of machine tools is one ex¬ 
ample of this application. 1 

In the solution of mathematical prob¬ 
lems it is often sufficient to present the 
output in the form of a table of numbers. 
In the control of analogue equipment, 
however, the digital computer output 
must first be converted to analogue form 
in order to vary some analogue input to 
the controlled equipment. 

The analogue-to-digital conversion 


problem is as old as the digital computer. 
It is only recently that the inverse prob¬ 
lem (the digital-to-analogue conversion) 
has become important. This paper deals 
with the networks required in a particular 
type of digital-to-analogue shaft-position 
converter. 

The converters (or transducers) for 
which these networks are designed have 
been described previously. 2 Alternating 
or direct voltages which are approximate 
sine functions of the digital input are ap¬ 
plied to the stator windings of 2-phase or 
3-phase electromechanical machines, such 
as resolvers or synchros. Approximate 
sine waves composed of straight-line seg¬ 
ments are used to reduce the number of 


The Problem 


The problem is to design networks 
which produce voltages which are ap¬ 
proximate 2-phase or 3-phase sine func¬ 
tions of a binary digital number. The 
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digital number represents the state of a 
parallel bank of relays. The output volt¬ 
ages are applied to the stators of resolver 
or synchro machines which are used with 
or without servo-amplification to estab¬ 
lish a shaft position proportional to the 
binary digital number. The position of 
the desired network between the input 
storage register and the 2-phase or 3- 
phase stator output is illustrated in Fig. 1. 


FIs- 1. Digital-to-analogue shaft-position conversion with 2- and 
3-phase electromechanical output 

A—Two-phase B—Three-phase 


Desired Wave Forms 

The desired wave forms are illustrated 
in Figs. 2, 3, and 4. In these figures the 
sine waves are approximated by sections 
of straight lines. The approximate wave 
forms are continuous with discontinuities 
in slope or corner points occuring periodi¬ 
cally every octant (for the 2-phase wave 
forms) or sextant (for the 3-phase wave 


forms). In the intervals between succes¬ 
sive corner points, the voltages are either 
constant or they vary linearly with an 
increase in the digital input. During 
these intervals rectangular, triangular, 
and trapezoidal voltage wave forms are 
needed. As in the case of actual sine or 
cosine waves the approximate wave forms 
are odd or even functions depending upon 
the position of the origin. 



























Fig. 4 (above). Two-phase sine wave approximation by S-slope wave 

forms 


Fig. 5 (right). Digital-to-analogue linear voltage divider used as basic 
building block network 
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Basic Network 

Fig. 5 illustrates the basic network from 
which linear voltage wave forms are ob¬ 
tained. The least significant digits are 
used for this purpose. The following 
three outputs are obtained from this net¬ 
work as the digital input is increased: 1. 
a rectangular voltage; 2. an increasing 
triangular voltage; and 3. a decreasing 
triangular voltage. Trapezoidal volt¬ 
ages may be obtained by adding triangu¬ 
lar and rectangular voltages. Negative 
voltages are obtained by reversing the 
supply voltage or the connection of the 
coils to the output terminals. 

The basic network may be represented 
in building-block form as shown in Fig. 6. 
In Fig. 6 the lines a, b, and c represent 
the output terminals. For any digital 
input the length of the vertical distance 
between the fines a, b, and c gives the 
relative magnitude of the voltage output 
between these te rminal^ 

In some situations it is necessary to 
reverse the slope of the triangular voltage 
applied to a coil. This can be accom¬ 
plished either by switching the coil to a 
different set of output terminals or by re¬ 
versing the slope of the voltage output at 
the original set of terminals. The slopes 
of the voltage wave forms from the basic 
network may be reversed if all the nor¬ 
mally open relay contacts are made nor¬ 
mally closed contacts and vice versa. 
The resulting building-block form is 
shown in Fig. 7. 

In the network diagrams shown later 
two additional resistors equal to half the 
smallest step are used at either end of the 
basic network. These resistors adjust 
the values of the discrete voltages ob¬ 
tained from the basic network so that the 
extreme values which correspond to the 
comer points of the approximate wave 
forms are not used. This procedure helps 
to ensure the uniqueness of the resulting 
shaft-position angles. 
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tfOTE: Hi- = NORMALLY 
NORMALLY 

Two-Phase Trapezoidal Network 

The wave form for this case is illustra¬ 
ted in Fig. 2, where it is seen that rec¬ 
tangular and triangular voltage wave 
forms are required. These can be ob¬ 
tained with one basic network and an 
auxiliary network to switch the coil leads 
to the proper output terminals each oc¬ 
tant. 

Fig. 8 illustrates a 6-digit network de¬ 
sign. The three least significant digits 
are used to operate the basic network; 
the three most significant digits, to switch 
coil leads in accordance with the desired 
octant. The second and third digits con¬ 
nect the coil leads to the proper output- 
terminals for 1/2 cycle. The first digit 
reverses the polarity of the power supply 
voltage every half-cycle to give a mirror 
image of the wave form for the first half- 
cycle reflected about the zero axis. Al¬ 
ternatively, instead of reversing the 
polarity of the power supply, the first 
digit could be used to reverse the polarity 
of the rotor coil. 

Three-Phase Trapezoidal Network 

The wave form for this case is illustra¬ 
ted in Fig. 3 where it is seen that rec¬ 
tangular and triangular voltage wave 


OPEN RELAY CONTACT 
CLOSED RELAY CONTACT 

forms are required. These can be ob¬ 
tained with one basic network and an 
auxiliary network to switch the coil leads 
to the proper output terminals each sex¬ 
tant. 

Fig. 9 illustrates a 7-digit network de¬ 
sign. The four least significant digits 
are used to operate the basic network; 
the three most significant digits, to switch 
coil leads in accordance with the desired 
sextant. 

As shown in Fig. 3 the required rec¬ 
tangular and triangular voltages reverse 
in polarity each sextant. The first and 
third digits are used to reverse the 
polarity of the supply voltage every sex¬ 
tant. A polarity reversal each sextant 
causes the supply voltage during l/2 cycle 
to be opposite to that during the next half¬ 
cycle. Therefore, the switching circuit 
for connecting the coil leads to the proper 
output terminals needs to be designed for 
1/2 <yde only. The second and third 
digits are used for this purpose. 

Since only six of the eight possible com¬ 
binations of the first three digits are 
necessary to select the proper sextant, 
two have been omittted. In the network 
of Fig. 9 the two combinations which 
have been omitted result in a repetition of 
the pattern of the second and third digits 
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every half-cycle and a change in the 
binary noncarry sum of the first and third 
digits every sextant. This choice is 
necessary for the proper operation of the 
network of Fig. 9. 

Since not all of the possible digit com¬ 


binations are used, only 96 divisions of 
the circle are obtained instead of the 128 
divisions possible with 7 digits. The 3- 
phase synchro introduces a three into the 
binary problem so that either an ineffi¬ 
cient binary coding method and a simple 


network design, as shown here, or a much 
more complicated switching network is 
necessary. Two-phase machines lead to 
a natural division of the circle into binary 
parts and can result in an efficient coding 
method and a simple network design. 
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Fig. 13 (left). Building-block 
diagram for 2-phase 2-slope de¬ 
sign method using tap selection 


REVERSE 

SUPPLY 


DIGITS 


DIGITS 

S) (S' 





DIGITAL INCREASE 


zero, the trapezoidal voltage decreases. 
The type of change in the triangular or 
trapezoidal wave (increase or decrease) 
with respect to zero alternates each oc¬ 
tant. 

Fig. 10 illustrates a design method. 


During the first octant an increasing tri¬ 
angular voltage is obtained across be, 
and a decreasing trapezoidal voltage, 
across ad. During subsequent octants a 
decreasing triangular voltage and an in¬ 
creasing trapezoidal voltage are obtained 
by reversing the slope of the output from 
the basic networks. The effect of nega¬ 
tive voltages is obtained by reversing the 
connections to the coils. 


In Fig. 10 the five least significant digits 
are used to operate the basic networks. 
The three most significant digits are used 
to reverse slopes, reverse coil connections, 
and swap coil circuits. As indicated in 
Fig. 10 the voltages required at the coil 
leads are obtained by: 1. Reversing the 
slope of the outputs of the basic networks 
each octant (with digit number 3); 2. 
Reversing the connections to coil 2 every 
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half-cycle (with digit 1); 3. Reversing 
the connections to coil 1 every half-cycle 
(with digits 1 and 2); 4. Swapping coil 
circuits every quarter-cycle (with digits 
2 and 3). 

Fig. 11 illustrates in building-block 
form the voltages available across the 
various terminals. In this figure it is 
seen that an increasing or decr easing posi¬ 
tive or negative triangular voltage is pres¬ 
ent between terminals b and c, and a 
similar combination of trapezoidal volt¬ 
ages between terminals a and d. 


Fig. 12 illustrates one form of the re¬ 
sulting network diagram 

Tap Selection Network 

The following method presents a con¬ 
trast in design simplicity: Fig. 13 illus¬ 
trates another building-block diagram. 
With this arrangement of the basic net¬ 
works, any of the required wave forms, 
triangular or trapezoidal, increasing or 
decreasing, positive or negative, can be 
obtained by connecting the coil leads to 
the proper output terminals. 


A design method is illustrated in Fig. 
14, where the proper connection of coil 
leads to output terminals is accomplished 
for 1/2 cycle with digits 2 and 3. The 
polarity of the power supply voltage is 
reversed each half-cycle with digit num¬ 
ber 1 . The five least significant digits are 
used to operate the basic networks. 

One form of the resulting network dia¬ 
gram is illustrated in Fig. 15. A com¬ 
parison between Figs. 12 and 15 illus¬ 
trates the network simplicity achieved 
by this design method. Fewer relays are 
required for the network of Fig. 15. 

Analysis of Errors 

It is important to know the errors in¬ 
troduced into the shaft-position angle by 
using these approximate methods. The 
number of digits with which the shaft 
angle should be encoded depends on the 
conversion errors. Consider the locus 
of the resultant magnetic field vector as 
the digital input is increased. If the digi¬ 
tal input were used to select exact values 
from sinusoidal voltage wave forms to 
apply to the stator windings, the locus of 
the resultant magnetic field vector would 
be circular with discrete vectors separated 
by equal arcs. The approximate wave 
forms of Figs. 2, 3, and 4 result in vector 
lod which are regular polygons. These 
are illustrated in Figs. 16, 17, and 18. 
Discrete vectors are separated by equal 
lengths along the sides of these polygons. 

It is obvious from these illustrations 



Fig. 17. Locus of 
resultant magnetic 
field vectors for 3- 
phase trapezoidal 
wave forms 
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Fig. 19. Angular 
relationship between 
exact and approxi¬ 
mate resultant mag¬ 
netic field vectors 


Table I. Errors Introduced by Approximate 
Wave Forms 


*1 

Maximum 
*mut» Error. 
Wave Form Degrees Degrees Degrees 


2- phase trapezoid... .45 ±4.1.27.6 

3- phase trapezoid_30 ±1.1.17.8 

2-phase 2-slope.22.5.±0.4.13.2 


that the method presented here essen¬ 
tially approximates a number of equal 
circular arcs by chords. The analysis of 
the error in the angle associated with any 
vector now becomes a simple problem in 


corner points of the polygons or the mid¬ 
points of the chords. It is also apparent 
that the angular errors which occur over 
a half-chord are repetitive throughout the 
remainder of the polygon. The poly¬ 
gon and circle are illustrated for a half- 
chord in Fig. 19. 

Let 0 = the angle subtended by a half 
chord. Suppose there are n discrete vec¬ 
tors in the angle 6. The positions of the 
exact vectors are obtained by dividing 
the arc 6 into n equal arcs. The end 
points of the approximate vectors are ob¬ 
tained by dividing the half chord into n 
equal lengths. Number the approximate 
vectors from zero (at the midpoint of the 
chord) to n (at the corner of the polygon). 

Let <f ) k —the angle between the &th ap¬ 
proximate vector and the zero vector. 
Then 


tan <f>k =~ tan 0 (2; 

n 

Let — angular error in the kth vec¬ 

tor. Then 


k (k \ 

■—I e— tan -1 ! - tan0 ) 
n \n ) 


If equation 3 is differentiated with re¬ 
spect to k and then equated to zero, the 
following result is obtained 


1 1 

1 

J 0 tan 6 

tan 2 0 


The maximum angular error is obtained 
by substituting equation 4 into equation 3 
with the following result 


0 

0 2 

tan 0 

tan 2 6 


—tan -1 




The angle at which the maximum error 
occurs is obtained by substituting equa¬ 
tion 4 into equation 2 with the following 
result 


/ tan 0 

'~\~i 1 


geometry. 

In Figs. 16, 17, and 18 it is apparent 
that there is no angular error at either the 

Fig. 20 (below). Two-phase sine wave approximation by 4-slope wave 

forms 


Fig. 21 (right). Locus of resultant magnetic field vectors for 2-phase 
4-slope wave forms 
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The results for the three wave forms con¬ 
sidered in this paper are summarized in 
Table I. 

Possible Extension of Method 

Two-Phase 4-Slope Wave Form 

Since a circle is approximated more 
closely by increasing the number of 
chords, it is reasonable to expect that the 
angular error in any approximate vector 
will decrease as the number of chords is 
increased. The results of the previous 
section show that this is the case. 

A logical extension of the methods pre¬ 
sented in this paper in the 2-phase case 
is illustrated by the wave forms of Fig. 
20, where the period is divided into 16 


equal parts. Twice as many linear sec¬ 
tions are used as in the 2-slope case of 
Fig. 4. One triangular and three trape¬ 
zoidal voltage wave forms are needed 
during the various semioctants. 

The resultant magnetic field vector 
locus is illustrated in Fig. 21. In this 
case the angle subtended by a half-chord 
is 11.25 degrees. The maximum angular 
error is ±0.04 degrees. This method is 
suitable for use with angles encoded with 
12 digits. A more complicated switching 
network is necessary. 

Three-Phase 3-Slope Wave Form 

A more accurate method in the 3-phase 
case is illustrated by the wave forms of 
Fig. 22, where the period is divided into 


needed. 

The resultant magnetic field vector 
locus is illustrated in Fig. 23. In this 
case the angle subtended by a half-chord 
is 15 degrees. The maximum angular 
error is ±0.13 degree. If the first four 
digits are used to select the proper half¬ 
sextant, / 68 divisions of the circle are ob¬ 
tained. Therefore this method is suitable 
for use with angles encoded with 10 digits. 
Two basic networks are required for this 
method. 

Practical Considerations 

The precision with which a quantity 
can be measured or reproduced is given by 
the square root of the sum of the squares 
of all the independent errors present. 
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Some of the sources of error present are: 
1. the electromechanical machine; 2. the 
approximate wave forms; 3. the com¬ 
ponents in the switching circuitry; 4. the 
angular quantizing interval. The an¬ 
gular quantizing interval is a measure of 
the accuracy desired in the output shaft 
position. So that all the shaft-position 
digits be significant, the precision of the 
converter in reproducing any of the dis¬ 
crete angular input should be of the order 
of half the quantizing interval. Greater 
precision, if attainable without additional 
complexity and cost, is desirable but not 
necessary. 

The precision inherent in the wave 
forms for a method determines the theoret¬ 
ical usefulness of the method. From 
the results shown in previous sections it 
appears that the 2-phase trapezoidal 
method is suitable for a 6-digit code; the 
3-phase trapezoidal method, for a 7-digit 
code; the 2-phase 2-slope method, for a 
9-digit code. The 3-phase 3-slope 
method theoretically can be used for a 10- 
digit code, and the 2-phase 4-slope 
method, for a 12-digit code. 

At present the electromechanical ma¬ 
chines represent a limiting source of error. 
Commercially available precision syn¬ 
chros are accurate to approximately 
±0.25 degree; resolvers, to ±0.67 de¬ 


gree. If synchros or resolvers are used 
as the electromechanical members in these 
converters, the practical limitations on 
the digital accuracy attainable are ten 
digits for the 3-phase methods, and eight 
digits for the 2-phase methods. 

These considerations rule out the prac¬ 
tical use of the 2-phase 4-slope method 
with present resolvers. The 2-phase 2- 
slope method used with eight binary digits 
utilizes the full accuracy of present re¬ 
solvers. The 3-phase 3-slope method can 
be used to obtain the full accuracy of com¬ 
mercially available synchros. 

Reduction op Errors 

It is possible to increase the accuracy 
of the various methods presented by mak¬ 
ing a slight change in the shape of the as¬ 
sumed wave forms. For example, the 
wave form of Fig. 2 might be modified as 
shown in Fig. 24. The corresponding re¬ 
sultant magnetic field vector locus is 
shown in Fig. 25. By comparing Fig. 25 
with Fig. 16 it is seen that this modifica¬ 
tion introduces some error at the corner 
points of the polygon but decreases the 
maximum error, which occurs approxi¬ 
mately halfway between the comer point 
and the mid-point of the chord. A trial- 
and-error method can be quickly applied 
to determine how much the rectangular 


voltage should be increased to make the 
error introduced at the comer point equal 
to the resulting maximum error. 

With this technique the maximum error 
for the 2-phase trapezoidal method can 
be reduced from ±4.1 to ±2.3 degrees. 
This will make the 2-phase trapezoidal 
method more suitable for use with 6- 
digit angular codes. A suitable switch¬ 
ing network is illustrated in Fig. 26. A 
comparison of Fig. 26 with Fig. 8 shows 
that some additional circuit complexity 
is introduced, but one basic network is 
still sufficient. 

This technique can be applied to 
achieve a slight improvement in the ac¬ 
curacy of the other approximate methods 
presented in this paper. 

Conclusions 

This paper has presented several simple 
networks suitable for obtaining voltage 
wave forms which are approximate 2- 
phase or 3-phase sine functions of a 
binary digital number. A method has 
been presented for obtaining the approxi¬ 
mate wave forms by combining basic net¬ 
works in a building-block maimer. A 
technique for analyzing the errors in the 
approximate methods has been developed; 
an error equation has been derived; and 
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the errors inherent in the networks of this 
paper have been computed. 

Possible extensions of the method have 
been discussed, and it has been shown that 
high accuracy is theoretically possible 
with an increase in the number of basic 
networks. The theoretical accuracies of 
the methods discussed axe: 

2- phase trapezoidal, ±4.1 degrees 

3- phase trapezoidal, ±1.1 degrees 

2- phase 2-slope, ±0.4 degree 

3- phase 3-slope, ±0.13 degree 
2-phase 4-slope, ±0.04 degree 

The accuracy limitations of commer¬ 
cially available precision synchros and re¬ 
solvers limit the practical usefulness of 
these theoretical methods to: 


2- phase, ±0.67 degree 

3- phase, ±0.26 degree 

The corresponding maxitniTm number 
of binary digits with which it is feasible to 
employ these methods because of the 
practical limitations in presently available 
synchros and resolvers is: 

2- phase, 8 digits 

3- phase, 10 digits 

A technique for improving the accuracy 
of the methods discussed has been pre¬ 
sented. This results in a more efficient 
utilization of the number of basic net¬ 
works used. 

As the number of applications for digi¬ 
tal-computer control of analogue equip¬ 


ment increases, the need for these con¬ 
verters will grow. The converters of this 
paper furnish a fast, moderately accurate, 
inexpensive method of obtaining a shaft 
position from digital data. 
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No Discussion 


Magnetic Amplifiers with Inductive 
D-C Load 


H. F. STORM 

MEMBER AIEE 


1+COSa 

«*- — (6) 

as indicated in Fig. 2 by the separate or¬ 
dinate axis. Since equation 6 becomes 
inaccurate for small load currents, the 
separate ordinate axis is not continued 
beyond a>150 degrees. 

Nomenclature 


Synopsis: The occurrence of instabilities in 
magnetic amplifiers with inductive d-c load 
is well known. Less known, however, is the 
mechanism causing the instability, of which 
a published analysis is believed nonexistent. 
The purpose of this paper is to discuss the 
mec h a nic s of instability qualitatively and 
quantitatively and to explain some of the 
means by which this instability can be 
averted. 


T HE circuit of the magnetic amplifier 
is shown in Fig. 1. The two satura¬ 
ble reactors A and B are energized from 
the secondary TS of a supply transfor¬ 
mer; terminals X2 of the gate windings 
lead to the rectifiers RECi, REC 2 , which, 
in turn connect to the load. The load 
consists of resistance R L and a linear in¬ 
ductance L t . The current in the load 
is determined by the control voltage E 0 , 
which is the independent variable. If 
Lz—Q, the load becomes purely resistive, 
and the control characteristic assumes 
the typical cosine-like shape as shown in 
Fig. 2 ((oL l /R l =*Q) and discussed in 
reference 1. 


E =■ average value of the rectified supply 
voltage «x- w or e*. N 

i?£=load resistance into which gate and 
rectifier forward resistances have 
been lumped 

On the abscissa axis are plotted the per- 
unit control ampere-turns 

I 0 No I0N0 

Ia,mN 0 I L , m (No/2) w 

^L.mi.No/2) being the ampere-turns of one 
gate averaged over an entire cycle. The 
abscissa for the minimum of i L (point M) 
is —Ix/Iz.m, where I x is the average 
value of the exciting current of the satura¬ 
ble reactor with both gate windings con¬ 
nected in parallel (reference 1, I E corre¬ 
sponds to I x ) and with control windings 
open-circuited. The supply voltages of 
e i-N&-ir are sinusoidal and of such 
magnitude and frequency as to produce a 
change of flux density from —B s to B s , 
when applied to the gates of the saturable 
reactors A and B. 

With saturation occurring at cot—a, 
the load voltage E L is 1 


A Ta— ampere-turns acting on core A 
a = per-unit control ampere-turns 
Aa=left shift of control characteristic, per 
unit 

B s =saturation flux density, gausses 
Ei-ir, E 2 — if = supply voltage, volts, average 
El =load voltage, volts, average 
AE —change of supply voltage, volts, aver¬ 
age 

Em = crest (maximum) value of supply volt¬ 
age, volts 

C\- n, e 2 - n =supply voltage, volts, instan¬ 
taneous 

eo.A, gate voltages, volts, instantane¬ 

ous 

la —control current, amperes, average 
ic’= control current, amperes, instantaneous 
I a, a, Io,jB==gate currents, amperes, average 
Ia,m —maximum gate current, amperes, 
average 

■ia.A, ia.B — gate currents, amperes, instan¬ 
taneous 

ia.A.tc—g ate current at <ot — ir—Q, amperes, 
instantaneous 

Ii,=load current, amperes, average 
Ih,m =maximum load current, amperes, 
average 

Ji-load current, amperes, instantaneous 
it = per-unit load current, average 


The per-unit load current i L in Fig. 2 is 



lL,m am ~r m 

Rz 


where 


(1) 

( 2 ) 


El 


1-f-cos <*_ 
— — B 


(4) 


and the load current I L 
r El 

Il -r l ® 

For I x «Il, II can be approximated 
by (equations 1, 2, 4, and 6) 
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Rg. 1. Circuit diagram of magnetic amplifier with load consisting of resistance R& and linear 

inductance L l 


la “current in shunt rectifier, amperes, 
average 

la =■ current in shunt rectifier, amperes, in¬ 
stantaneous 

is = per-unit current in shunt rectifier, 
average 

Li=load inductance, henrys 
Lc=> inductance of one control winding, 
henrys 

Nc =number of turns of one control winding 
No =number of turns of one gate winding 
Rc “resistance of control circuit, ohms 
Rq' ^resistance of control circuit referred to 
gate winding, ohms 
Ro.j i, Rq.b =gate resistance, ohms 
-Rfl./=rectifier forward resistance, ohms 
i?i=load resistance, ohms 
Xo=gate reactance with unsaturated core, 
ohms 

«=» saturation angle, radians or degrees 
^>=>phase angle (equation 9), radians or 
degrees 

<f>A. core fluxes, maxwells, instantaneous 
<$, =» saturation flux, maxwells, instantaneous 
m == angular supply frequency, radians per 
second 

Per-unit quantities are indicated in text by 
an Old English letter, and in the illustrations 
by a bar underneath the symbol. 

Effect of Load Inductances on Control 
Characteristic 

When the load becomes inductive, as 
expressed by finite ratios of wL l /R l (Fig. 
2), the control characteristic changes. 
This change is characterized by two fea¬ 
tures: 1. the control characteristic be¬ 


comes shifted to the left; and 2. insta¬ 
bility, also called snap-action, occurs. 

For instance, starting at »=0, and in¬ 
creasing the control voltage in a negative 
direction, the control characteristic for 
(oL l /R l = 0.105 is traversed until point A 
is reached, where the stable region of the 
control characteristic terminates. By 
making the control voltage ever so slightly 
more negative, point B is reached and then 
operation continues along the so-called 
negative control branch MBC. It be¬ 


comes apparent that an infinitely small 
change of control voltage is sufficient to 
produce the finite change of load current 
between A and B. This multivaluedness 
of load current for the same control signal 
is called instability or snap action. While 
the control characteristic gives the illusion 
of an abrupt jump between A and B, it 
should not be concluded that the change 
of load current from A to B occurs in zero 
time. Oscillograms indicate that it may 
take quite a few cycles before B is reached; 
these oscillograms show furthermore that 
in reality the load and control currents 
follow an unstable branch of the control 
characteristic, beginning at A and bend¬ 
ing toward the minimum point M, as 
shown by the dashed curve. Somewhere 
near M the operation transfers from the 
unstable characteristic AM to the stable, 
negative characteristic MBC and the cur¬ 
rents follow the negative characteristic 
until B is reached. 

Conversely, by increasing the control 
voltage in a positive direction, one moves 
from C along the negative characteristic 
which terminates at M. By increasing 
the control voltage beyond M by an 
infinitesimal, positive amount, the load 
current increases from M to D, exhibiting 
another illusionary jump in the control 
characteristic. Actually, the unstable 
part AM and the stable part AD of the 
control characteristic are now traversed 
in the opposite direction until point D is 
reached. Again, the transfer form M to 
D requires a finite time. 


0.07/01037/0 


\KV 

i nl 


Fig. 2. Measured control characteristics obtained from circuit shown in Fig. 1 
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Fig. 3. Synthesis 
of gate current 
from steady-state 
component ig- 
a.ss, and transient 
component \o,A,t 
when other gate 
circuit is open 


It is concluded that the control charac¬ 
teristic has the stable parts ADEF and 
CBM, and an unstable part A M, the lat¬ 
ter causing the pseudocharacteristics, AB 
and MD; transfer from A to B occurs 
only in a downward direction, and transfer 
from M to D only in an upward direction. 
The remaining characteristics of Fig. 2 
are taken for various ratios of uL L /R t 
and follow the same general pattern. It 
is interesting to observe that the up¬ 
ward jump in all characteristics occurs 
along the same vertical MG. 

The saturable reactors used in these 
tests consist of two tape-wound cores, 
each core with an inside diameter of 1 
inch, an outside diameter of 1.5 inch, 
height 0.375 inch, Orthonol, 0.004 inch 
tape; JV 0 =2,600 turns, 60 ohms, common 
control winding N c = 2,000 turns, 397 
ohms; the rectifiers are of the General 
Electric germanium diffusion type 1N92; 
£=50 volts average, J iim =0.21 amperes, 
/= 60 cycles per second. 


Wave Shape of Gate Current in 
Single Gate Operation 


The gate circuit is interrupted through 
saturable reactor B (Fig. 1). The supply 
voltage 


ci—sin «/ (7) 

is applied to saturable reactor A. Let 
saturation occur at u/=a (Fig. 3), then 
the gate current i QiA can be synthesized 2-4 
from its steady-state component i g a.ks 
(. JACDF) 


ia, a.ss — —■/ sin (at — <p) (8) 


<p —arc tan (coLl/Rl) ( 9 ) 

and its transient component ig tA ,t(AB) 


i.OA.t 


_ -Sira _- 


at—a 

tamp sin (a — <p) 


for o)t>a . 


( 10 ) 


The gate current i a>A 


io.A sm io.A,ss+ia.A,t (11) 

is the vertical distance between sine 
curve JACDF and exponential AB. 

For q:<t— 3tan^s, the transient com¬ 
ponent is practically zero at ut — ir, and 
therefore the gate current DG at tot— it, 
designated by i Qt A,*, is unaffected by the 
saturation angle a. For saturation angles 
7T—3tan^<a<Tr (for instance a*) the 
transient CHK results. This transient is 
still active at <ot=T, hence the gate cur¬ 
rent ia,A,r—DH, is affected by a. The 
significance of the magnitude of i 0iAiV 
will soon become apparent. 

Effect of Second Gate at at =«-f-0 

The gate circuit of saturable reactor j 3 
is re-established at cot= x, as shown in 
Fig. 1. As shown by DG in Fig. 3, there 
is a current i a>AiV flowing through the A 
gate which also flows through rectifier 
RECi. 

Rectifiers have the property of passing 
current in only one direction. This 
property refers to the net current, but not 
to the current components. For in¬ 
stance, if a rectifier is passing a forward 
current of 3 amperes a reverse current of 
2 amperes can be superposed because 
there is still a forward current of 1 ampere 
left. Similarly, if a forward current DG, 
Figs. 3 and 4(A), is flowing through RECi, 
a reverse current up to the magnitude of 
DG can be superposed. But why should 
a superposed reverse current flow through 
RECi} 

At ut= it the voltage e 2 - N —ei- N is zero 
and on the verge of becoming positive. 
What happens when, at wt— x+0, e 2 _ v — 
®i—v becomes ever so slightly positive 
will now be considered. To this end the 
impedance along the circuit 2, 4, 5, 3,1 of 
Fig. 1 must be inspected. 

The saturable reactor B is unsaturated, 
and hence can function as a current trans¬ 
former. Its terminals 71 and 72 look 
into a circuit consisting of the control 
winding of saturable reactor A. Be¬ 


cause iaA.-K is flowing (DG, Fig. 3) satura¬ 
ble reactor A is still saturated, and there¬ 
fore its control winding does not exhibit 
any reactance; the control circuit resist¬ 
ance is very low by assumption, hence the 
terminals 71 and 72 of saturable reactor 
B look into practically a short circuit. As 
a result, the gate reactance of B is con¬ 
sidered zero. Continuing along the cir¬ 
cuit 2, 4, 5, 3, 1 on which e^ N —ei- N is 
acting, we now pass through the A gate, 
which has zero reactance because of the 
saturation caused by ia,A,r> The only 
impedances encountered along the circuit 
are the circuit resistances through which 
the voltage e 2 -Ar—causes a current 
ig,B to flow, provided, of course, that the 
net current in RECi is still positive. 

The current i Q>B requires a control cur¬ 
rent i c because of transformation through 
the unsaturated saturable reactor B. 
Neglecting exciting currents 

icNo = —ia. bNg ( 12 ) 

The current i QiB flowing along the path 
2, 4, 5, 3, 1 subtracts from the previous 
gate current. Under “previous” gate 
current is meant the current flowing with 
gate circuit B disconnected, as shown in 
Fig. 3. At w/=T-|-0 the previous gate 
current is smaller than by the in¬ 
finitesimal amount by which i a ,A has 
changed from coi=ir to cd£=x-J-0. Since 
the following is concerned with magni¬ 
tudes, but not with rates, the previous 
gate may be considered as constant in the 
vicinity of cot = ir. 

With i a<B flowing in opposition to the 
previous gate current i a ,A,m the ampere- 
turns on core A decline. A further reduc 
tion of ampere-turns on core A occurs 
through the control winding (equation 
12). The ampere-turns a cting on core A 
are designated by AT a 

ATA= s ia.A,vNa—ia.BNa-\-icNa (13) 

Substituting from equation 12 

ATa — G-a, a.* —2ig, b) Nq (14) 

Letting w^>x+0, the current i a , B will 
increase in proportion to ez- N —ei- N , and 
AT a will decrease. For 

1. 

*G.JB ==-»<?. A, r (15) 

AT,! = 0, indicating that core A becomes 
unsaturated. It will be noted that at 
this instant the net forward current i GtA 
in RECi is still positive, namely 

ia,A=ia. a.x- ia. b =\?, a,* (16) 

2 

and hence the superposition of i G ,B in the 
reverse direction of RECi was proper. 

In the absence of reactances, the 
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Fig. 4. Gate currents \g,a, \q,b, and extra control current \c, when both gate circuits are con¬ 
nected 


amount of time it takes from cat=it until 
core A unsaturates (equation 15) de¬ 
pends on e 2 -u~ e i~N and the circuit re¬ 
sistance. In order to avoid overcomplica¬ 
tions, it will be assumed that the resist¬ 
ance of circuit 2, 4, 5, 3, 1, 2 is zero. 
Then, it is concluded that at cat— x-f-O: 

1. Both cores are unsaturated. 

2. The load current io.x.-r splits into two 
equal components (equations 15 and 16). 

3. The gate currents ia.A and ia,B do not 
encounter reactance by flowing from N to 5 
(Fig. 1), because control ampere-turns equal 
but opposite to the gate ampere-turns (equa¬ 
tion 12) are flowing. 

Exciting Intervals (0<<of<a, 

seOf<se -f-a) 

The excitation process with purely re¬ 
sistive load has been discussed in refer¬ 
ence 1. For instance, during the interval 
T<cat<T-\-a core A becomes excited from 
its control winding, which, in turn, is ener- 


current entering at N splits up into two 
components i G j. and i QtB ; see Fig. 4. 
Since both cores are unsaturated, trans¬ 
formation between gate and control wind¬ 
ings takes place. The control current is 
common to both saturable reactors and 
therefore (neglecting the exciting cur¬ 
rents) 

(17) 

The current wave shapes of Fig. 3 were 
obtained with the gate circuit of B open. 
The supply voltage ei- N was active as 
long as the gate current i 0tA was flowing 
(until cat=’rr J r<p). With circuit B closed, 
it was found, however, that there is no 
voltage between N and 5, and hence no 
voltage across the load (e L ~0) during the 
exciting intervals. Therefore, the load 
current i L will not continue as a part of a 
sinusoid, but will decline exponentially 
with the time constant caL h /R L = tan <p 
as shown by equations 9 and 10 (a = ir). 


This is demonstrated in Fig. 4(A). 
For u<coKv, the load current i L is identi¬ 
cal with the gate current i a<A (DG). For 
r<<at<T-\-a the load voltage e L =0, and 
therefore i L begins to decline exponen¬ 
tially (dotted curve DS), From equa¬ 
tions 17 i 0tA [Z\S, Fig. 4(A)] and i 0B 
[LN, Fig. 4(B)] are found and it is seen 
that both gate currents flow simul¬ 
taneously. It should be noted, however, 
that one half of the load current flows in 
the opposite direction of the transformer 
secondary voltage. For instance, during 
T<wKjr-(-a, ia,A is opposed by e \_ w , but 
io, A can flow because of the gate voltage A 
obtained by transformation from the B 
gate: With no losses present, the gate 
voltage A is equal in magnitude, but op¬ 
posite in sign of the transformer voltage 

e l-N* 

Because of the symmetry of the circuit 
similar conditions will also be found in the 
interval from 0<tof<a, and corresponding 
gate currents AB in Fig. 4(A) and HJ 
in Fig. 4(B). Exciting currents are not 
shown in Fig. 4. 

In reality the circuit resistances are 
not zero, and therefore the current fronts 
at cat =0 and tr are not vertical, but exhibit 
finite slopes. 

An oscillogram of supply voltage and 
gate current is shown in Fig. 5. 

Conclusions for Exciting Intervals 

1. The conclusions for co/ = ir-f 0 also hold 
throughout the exciting intervals. 

2. Despite the fact that the gates carry 
components of the load current the mecha¬ 
nism of one core being excited by the other 
core is the same as for purely resistive load. 1 
It follows that the core fluxes and the excit¬ 
ing components of the control current are 
also the same as for purely resistive load. 

3. The load voltage ex, (N to 5, Fig. 1) is 
zero during the exciting intervals, as in the 
case with purely resistive load. 

Saturation Intervals (a<wf<*, 

7r-j-a<6>#<2?r) 

Let core B saturate at <at—vAroi. 
There is no longer any voltage trans¬ 
formed from the B gate into the A gate, 
via control circuit. Without the trans¬ 
formed voltage, the gate current i G%A 


gized from the control winding of satura¬ 
ble reactor B. As a result, a voltage ap¬ 
pears at the gate of saturable reactor A. 

If no transformation losses are involved, 
the gate voltage of A is identical with the 
gate voltage of B, and hence there is no 
voltage between N and 5 of Fig. 1. 

If a current is now injected at N, such 
as coming from the load inductance Li, 

this current is expected to flow to 5 with- Fig. 5. Oscillogram. Supply 
out encountering reactance. The load voltage ei-#, gate current io,A 
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stops, and gate current i QB becomes h* Jhe load voltage Ex, for inductive load is 

equal the loud current.' The load and taxationftSSaffitaS Extra Control Current 

voltage e L is the Ime-to-neutral voltage of tive d-c load. 

■’ ‘ - 0 Tj , „ The total contro1 current of the ampli- 

. It follows from conclusion 1 that equa- fier with inductive d-c load can be viewed 

Fig. 7 (left). Os¬ 
cillogram. Gate 
current \q,a, con¬ 
trol current \q 


- o- ' u -w YtULAgC 1 

the transformer secondary TS (Fig. 1). 
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Fig. 9 (right). 
mm# Oscillogram. 
Gate current \q,ai 
control current l<y 
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as consisting of two components: one 
component which is the normal control 
current with purely resistive load, and 
an additional component, called the extra 
control current, which owes its existence 
entirely to the inductiveness of the load. 
It will be seen shortly that the extra con¬ 
trol current is the key to the instability 
of magnetic amplifiers. The extra con¬ 
trol current i c is shown by UV and QR 
in Fig. 4(C) and is obtained from equa¬ 
tions 12 and 17. 

§ Left Shift of Control Characteristic 

The major difference between the op¬ 
eration of the magnetic amplifier with 
purely resistive load and with a load also 
containing inductance lies in the presence 
of the extra control current. Depending 
on the ratio <aL L /R L , the ampere-turns 
produced by the extra control current 
are of the same order of magnitude or 
larger than the control ampere-turns for 
the purely resistive case, and therefore 
the extra control ampere-turns have a 
crucial bearing on the deviation of the 
control characteristic with inductive load 
from the control characteristic with 
purely resistive load. The extra control 
current is always negative and therefore 
the control characteristic with inductive 
load becomes shifted to the left of the con¬ 
trol characteristic with purely resistive 
load. 

To obtain a better quantitative insight, 
the analysis is now subdivided into loads 
with small time constants and loads with 
long time constants. 

coL^R^,; See Fig. 2 

Cause of Instability 

As shown in Fig. 3, the saturation angle 
a can be varied considerably -without 
causing the gate current i 0>A , v to change. 
As long as i a , A , T [DG , Figs. 3 and 4(A) ] 
remains constant, the extra control cur¬ 
rent remains constant, and hence the left 
shift with respect to the case with purely 
resistive load {o)L l =0) will also remain 
constant. 

As the saturation angle increases over 
t— 3 tan <p the starting transient i 0lAl t will 
cause the gate current io,A.,ir (for instance, 
HD in Fig. 3) to decline. As a result, the 
absolute value of the extra control current 
also becomes smaller. It follows that 
the left shift of the control characteristic 
becomes smaller when a increases over 
t— 3 tan <p. As a result, the control 
characteristic curves back toward M 
(dashed curves in Fig. 2). For a — v, 
the extra control current is zero, and hence 
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the left shift is zero, which means that the 
control characteristic for inductive load 
curved back completely to point M, which 
is the minimum point of the control 
characteristic with purely resistive load. 
This curving back is the graphical ex¬ 
pression of the instability of the ampli¬ 
fier. 

Since the phase angle <p increases with 
o)L l /R l , the back-curving of the control 
characteristic will occur for smaller values 
of a , and hence for higher values of 
if <aL L /R L is increased, as shown in Fig. 
2 . 

The left shift of the control characteris¬ 
tic is proportional to the average value of 
the extra control current, shown by the 
shaded areas in Fig. 4(C). These areas, 
in turn, are proportional to I 0lAtT 2 . For 
small values of uL l /R l it can be shown 
that io,A.,r is approximately proportional 
to uL l /R l . Hence for small values of 
o»L l /R l the left shift of the control 
characteristic is approximately propor¬ 
tional to (o)L l /R l ) 2 . In the presence of 
circuit resistance, the left shift Aa, in per- 
unit notation, can be approximated 
(without proof) by 


i/ «iz y i _ 

2 ' Rl ' !(*»+*,,,)+w 
* 4 

for uLi^sRi- 


(18) 


Instability with Purely Resistive 

Load 

By connecting small inductances into 
the gate circuits, the control characteris¬ 
tic will display instability, even if the load 
is purely resistive (X L =0). 

For small values of o>L l /R l and for 
values of a in the vicinity of w, it makes 
little difference whether the inductance 
Ll is located in the load circuit, as shown 
in Fig. 1, or if the inductance L l is in¬ 
serted in each gate lead (3,4) instead. It 
follows that a magnetic amplifier with 
purely resistive load may also display in¬ 
stability because of saturation and leak¬ 
age reactance of the gate windings. 
(Snap action with purely resistive load 
may also occur because of the shape of 
the dynamic hysteresis loop.) 

coLi^-Rx, 

As wLl/Rl increases, the analytical 
expression for the extra control current, 
and hence the prediction of the control 
characteristic, becomes more complex. 
However, if o>L l /R l becomes large, for 
instance, 30 radians or more, the problem 
again becomes quite simple, because then 
the load current can be considered con¬ 
tinuous and free of ripple, as shown in Fig. 
6(D). 


Exciting Intervals (OOf<a, 

«<<»>£<«-j-a) 

From equations 12 and 17 the gate 
currents and the extra control current 
can be obtained immediately; see Fig. 
6(E), (F), (G). The extra control cur¬ 
rent with inductive load is so large 
with respect to the control current with 
purely resistive load that the latter is ne¬ 
glected. Again e a , A ——e a , B and e L —0 
see Fig. 6(A), and (B). The core fluxes 
Fig. 6(C), are the same as for purely re¬ 
sistive load. 1 

Saturation Intervals (a<cof<«, 
«-|-a<tof<2w) 

Core Fluxes Saturate with Positive 
Polarity 

At ut—a saturable reactor A saturates 
[P, Fig. 6(C)] and there is no longer any 
voltage transformed from the A gate into 
the control circuit, and hence into the B 
gate. Therefore the gate current i a , B 
stops, and gate current i 0iA becomes 
equal to the load current i L . With sa¬ 
turable reactor A saturated and no gate 
current flowing in the unsaturated satura¬ 
ble reactor B, there can be no gate cur¬ 
rent transformed into the control circuit 
and the control current « c =0. Regard¬ 
less of the ratio LjR h the load voltage E L 
is again given by equation 4 and the load 
current by equations 5 and 6. 

Also, as previously pointed out, the 
core fluxes <j> A and <f> B Fig. 6(C), are the 
same as for purely resistive load 1 and 
therefore they are independent of the 
ratio LJR l . 

An oscillogram of gate and control cur¬ 
rent is shown in Fig. 7. 

Core Fluxes Saturate with Negative 
Polarity 

A different mode of operation results 
if the core fluxes are saturating with 
negative polarity, as shown in Fig. 8(C). 
The wave shapes shown in (A), (B), (D), 
(E), and (F) or Fig. 8 are identical with 
the similarly designated wave shapes of 
Fig. 6. The only wave exhibiting a dif¬ 
ferent shape is the control current; see 
Figs. 6(G), and 8(G). 

An oscillogram of gate and control cur¬ 
rent is shown in Fig. 9. 


Control Characteristic 


Core Fluxes Saturate with Positive 
Polarity 

From Fig. 6(G) 


Ic= 


1 Noa 
”2 Il Nct 


(19) 
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Fig. 10. Normalized characteristic for <oL £ »R £ 


From equations 1, 3, and 5 

#= — tzr (20) 

Substituting for a from equation 6, the 
control characteristics are obtained in 
normalized form 

- fzj^ arc cos (2i £ -l) J (21) 

This control characteristic is shown by 
DCG in Fig. 10. 

Core Fluxes Saturate with Negative 
Polarity 


In analogy to equations 20 and 21 



«= — izjjs—^ arc cos (2i £ —1)J (23) 

This portion of the control charac¬ 
teristic is shown by OGFi n Fig. 10. 

Combined Characteristics 

The combined control characteristic 
of the circuit of Fig. 1 is FGOCD. It can 
be recognized immediately that the 
characteristic is again multivalued. (For 
the purpose of comparison, the control 
characteristic of the ordinary, parallel - 
connected saturable reactor with purely 
resistive load is shown by the straight 
lines OA and OA extending angles at 45 
degrees with the abscissa axes.) The un¬ 
stable branch of the characteristic is CO. 
The co-ordinates C of one end point of the 


MEASURED <uL, 


unstable branch are a =—0.26 and i L = 
0.63, as shown in the Appendix. The 
other end point is 0 when exciting cur¬ 
rents are neglected; otherwise it is M, as 
shown in Fig. 2. 

Actually measured control charac¬ 
teristics are shown in Fig. 11 for various 
ratios oiL l /R l . 

Elimination of Snap Action 

There are cases where snap action of a 
magnetic amplifier is desirable, i.e., to 
obtain control properties similar to a 
latch-in type relay. The preponderant 
case, however, is where snap action is not 
acceptable, i.e., in processes which require 
gradual control by hand. In closed-loop 
control systems, snap action does not 
necessarily lead to system instability, 
but snap action certainly increases anti¬ 
hunt problems. No wonder, then, that a 
great deal of attention has been given to 
the elimination of snap action, and several 
methods for the elimination of snap ac¬ 
tion are discussed in the following. 

It has been shown in the preceding part 
that snap action occurs when load current 
is transformed from the gate into the 
control windings during the exciting in¬ 
terval. Means to combat snap action 
must therefore be directed to prevent this 
transformation, or render it ineffective, 
or to prevent the amplifier from operat¬ 
ing within the zone of instability. 

Operation of Amplifier Outside of 
Zone of Instability 

Instability has been previously traced 
to the reduction of the gate current 
with increasing saturation angles. 
By preventing i a ,A,* from dropping below 



Rs. 11. Measured control characteristics obtained from circuit of Fig. 1. 
Instability in upward direction as in Fig. 2, MG 


Fig. 12. Minimum values for Rc/uLc to prevent instability of cir¬ 
cuit shown in Fig. 1 
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a certain minimum value, instability is 
averted. This method is explained in the 
following. 

The supply voltage E (indices omitted) 
has been assumed to swing the flux den¬ 
sity in the cores exactly from minus sa¬ 
turation to plus saturation (or vice 
versa). This is another way of saying 
that the maximum reactive voltage 
(counterelectromotive force) the gates can 
develop is E. Now, if the supply volt¬ 
age is raised by AE volts, this voltage A E 
must spill over into the load circuit, caus¬ 
ing the flow of an irreducible minimum 
load current I Ll min 

AE 

I L,mln — ~Z~ (30) 

Kl 

Therefore, by the simple expedient of 
raising the supply voltage, a minimum 
value for ia,A,v can be maintained regard¬ 
less of the magnitude of the control cur¬ 
rent, and hence instability can be avoided. 
This procedure is most practical for com¬ 
paratively small values of uL l /R l . 

Impeding Extra Control Current 

By introducing more resistance into 
the control circuit, and preferably also 
increasing the supply voltage, snap ac¬ 
tion can be avoided. Fig. 12 shows how 
the minimum control circuit resistance 
Rc for snap-free operation is related to 
<aL L /R L and the ratio A E/E; L c is the 
inductance of the control winding based 
on one unsaturated core. Over a con¬ 
siderable range the product ( wL l /R l ) 
( uLc/Rc ) is constant. 

The introduction of more resistance R c 
into the control circuit reduces the power 
gain. Where this reduction is to be 
avoided, an external inductance can be 
inserted in the control circuit instead; 
however, a drawback of adding an induct¬ 
ance may be seen in the increase of the 
control time constant. 

Preventing Generation of Extra 
Control Current 

Suppose a synchronous switch would 
short 5 —N, Fig. 1, during the exciting in¬ 
tervals. The inductance L l would main¬ 
tain the load current through the short 
circuit and therefore the gate currents 
would stop flowing when the supply volt¬ 
age is zero (provided there is no satura¬ 
tion or air-core reactance). As a result 
no extra control current flows and insta¬ 
bility is averted. The excitation of the 
cores is the same as for a purely resistive 
load. 1 Hence the relation between sat¬ 
uration angle a and control ampere-turns 
I C N C is the same as for purely resistive 
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load. The load voltage (equation 4) is 
the same in both cases, and so is the load 
current I L (equations 5 and 6). One con¬ 
cludes that the magnetic amplifier with 
inductive load, Fig. 1, and with a syn¬ 
chronous short circuit during the exciting 
interval has the same control charac¬ 
teristic as the magnetic amplifier with 
purely resistive load and without syn¬ 
chronous switch. 

Magnetic Amplifier with Shunt 
Rectifier 8 

It will be seen that the load current 
flows always in the same direction, namely 
from N to 5 in the previously mentioned 
short circuit. Therefore the synchronous 
switch can be replaced by the rectifier 
RECs, as shown in Fig. 13. This rectifier 
is called: free-wheeling rectifier, by-pass 
rectifier, shunt rectifier. Provided the 
forward resistance of the shunt rectifier 
RECs is low, the magnetic amplifier with 
RECs will function as the magnetic am¬ 
plifier with the synchronous contact. 
The control characteristic of the latter is 
practically identical with that of the 
magnetic amplifier with purely resistive 
load, hence the control characteristic of 
the magnetic amplifier with inductive load 
and with shunt rectifier, Fig. 13, is prac¬ 


tically identical with the control charac¬ 
teristic of the magnetic amplifier with 
purely resistive load, provided the forward 
resistance of shunt rectifier RECs is very 
low. If the forward resistance of RECs 
becomes more pronounced, a voltage ap¬ 
pears between 5 and M, leading to a left 
shift of the control characteristic, Fig. 2, 
and to snap action. 

For zero rectifier forward resistance 
and a very large ratio of o>L l /R l , the 
wave shapes of Fig. 14 result. The 
average value I 8 of the shunt rectifier 
current follows from Fig. 14(G): 

The per-unit shunt current is desig- 


nated by 

Is=1l~ 

ir 

(31) 

. Is 

' s ~n„ 

(32) 

Then 


_ „ a 

IS = tL - 

(33) 

7T 

and from equation 20 

t*-W 

(34) 


Therefore equation 21 applies also to 
ts, and the relation ! s versus \ L in Fig. 15 
is obtained by replotting curve OCD of 
Fig. 10. Hence, the maximum current 







nr 


m *} +r? 



(B) Fig. 14 (left). Wave shapes 
occurring in circuit of Fig. 1 3, 
when wLj^Rjr,. Exciting cur¬ 
rents are not shown 

Fig. 15 (above). Per-unit 
shunt rectifier current ts/ and 
per-unit gate rectifier currents 
as function of 
per-unit load current ix. 


0.75 i.oo 

kt. 


Appendix 

To obtain the extreme point C, Fig. 10 
da _dnda 

Differentiating equations 20 and 6 
da 

— =a sm «—1—cos a=0 (21 


a 

a=cot - 
2 


a = — 7r radians = 75 degrees 

From equation 6 

1 +cos 75 degrees 
II --- 5 -0.63 

From equation 20 


a =-0.63-= -0.26 
Id 
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Uiscussion 

L. A. Finzi (Carnegie Institute of Tech¬ 
nology, Pittsburgh, Pa.): Dr, Storm de¬ 
scribes quite clearly the mechanism of in¬ 
stabilities caused by inductive loads in cen¬ 
ter-tap (d-c output) amplifiers. It is 
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gratifying to see that his point of view agrees 
substantially with the treatment made by 
R. R. Jackson and myself in section 6 of 
reference 3 and section 8 of reference 4 of 
the paper. 

For instance, the experimental curves of 
Fig. 2 of Dr. Storm’s paper show that for 
moderate values of coLl/Rl the effect of 
inductive loads over regions of high output 
(early firing) is to translate the transfer 
characteristic obtained for resistive loads 
to the left by an essentially constant 
amount. This finding agrees with our 
analysis applied to the same range of the 
variables; in fact, equation 9 and Fig. 3 of 
reference 3 indicates that for a purely re¬ 
sistive-inductive load (i£=0, i.e., Il.t — 
aV gm /R) with 0 = =* 10 degrees the load 
current iL.r^ia.A.r which is found in the 
load at the beginning of the relaxation inter¬ 
val does not vary much by varying the angle 
of firing. Accordingly, the additional con¬ 
trol current requirements due to the trans¬ 
former action of relaxation currents through 
both gate windings are expected to be 
nearly constant for all a’s, between, e.g., 
•a=0 degrees and a = 130 degrees. 

On the other hand, as at increases beyond 
130 degrees approaching 180 degrees, it is 
found that iL.tr decreases; accordingly, the 


requirements of additional control currents 
compensating the magnetomotive force of 
relaxation currents become smaller. Thus 
the lower part of the transfer characteristic 
is expected to bend inwards (towards the 
point of minimum output at a —180 degrees) 
as shown in the dashed portion of Dr. 
Storm’s measured curves. 


H. P. Gluckman (Department of Water and 
Power, City of Ixds Angeles, Los Angeles, 
Calif.): Dr. Storm’s paper will be of great 
interest to engineers engaged in the appli¬ 
cation of magnetic amplifiers to the control 
of field windings of a-c and d-c generators. 
The use of center-tap magnetic amplifiers 
with highly inductive loads such as field 
windings will probably cause snap action 
and resulting instability unless remedial 
measures are taken. The remedy recom¬ 
mended by Dr. Storm is a rectifier shunting 
the inductive load to provide a by-pass path 
for the extra control current. However, 
the bridge-type magnetic amplifier inher¬ 
ently provides a by-pass path for the extra 
control current. Does the center-tap cir¬ 
cuit with a free-wheeling rectifier offer sub¬ 
stantial advantages over a self-saturating 
bridge circuit? 


When reversal of output polarity is re¬ 
quired, the free-wheeling rectifier is not 
applicable, and some other means of provid¬ 
ing a path for the extra control current is 
required. The use of a second-harmonic 
filter across the inductive load has been 
suggested. Another suggestion is the use of 
a shunting resistor. Data on the relative 
efficacy of these methods would be of value 
to the application engineer. 


H. F. Storm: I wish to thank Prof. Finzi 
for his discussion. It is very gratifying that 
he is in agreement with my paper. 

In answer to Mr. Gluckman’s question, 
the center-tap circuit with shunt rectifier 
offers advantages over the bridge type when, 
e.g., the theoretical, maximum output volt¬ 
age Eo. m of the magnetic amplifier is equal 
to, or is smaller than, (1 /tt) times the maxi¬ 
mum, inverse voltage Ei, m of the rectifiers. 
In this case the bridge circuit requires four 
rectifier cells, whereas the center-tap circuit 
requires only three rectifier cells. Of these 
three rectifier cells, two cells have the same 
current rating as those for the bridge type, 
and one cell, namely the shunt rectifier, 
may have only one-half of that current rat¬ 
ing. 


An Analogue Computer for Automatic 
Determination of System Swing Curves 

D. W. C. SHEN S. LISSER 


MEMBER AIEE 

I N USING the conventional a-c net¬ 
work analyzer to solve transient-sta¬ 
bility problems, it is necessary to resort 
to a step-by-step process which is both 
time-consuming and tedious although the 
power flow data can be obtained at each 
step directly from the analyzer. The 
subject of the rapid evaluation of system 
swing curves has recently attracted the en¬ 
gineering interest and needs the attention 
that it now seems to be receiving. This 
paper describes the design features of a 
10-kc network analyzer in which comput¬ 
ing elements are incorporated in the feed¬ 
back loop which relates the electric power 
output with the phase shifter in such a 
way that a dynamic representation for a 
transient-stability solution can be directly 
obtained on the analyzer itself. 

Boast and Rector 1 reported an analogue 
method for obtaining directly on cali¬ 
brated d-c cathode-ray oscilloscopes the 
swing curves for power systems during dis¬ 
turbance conditions. Their method, how¬ 
ever, does not use the network analyzer 
except for the evaluation of the initial 
boundary conditions. Similar to the dif- 


NONMEMBER AIEE 

ferential analyzer method of solving 
directly the electromechanical system 
equations, information concerning the 
system parameters must first be measured 
from the network analyzer representation 
and then transferred to the analogue. 
Another method, described by Robert, 2 
using model machines and model systems 
with a scaling-down process to take care 
of machine time constants has been criti¬ 
cized by Kusko 8 as not being a working 
analyzer suitable for everyday power 
system studies. 

At the University of Adelaide work has 
been undertaken as a research project to 
build up small network analyzers for 
local utilities to enable them to study 
transient-stability problems without the 
necessity of the step-by-step procedure. 
One of the methods proposed is the in¬ 
dependent energy-store representation re¬ 
cently described by Kaneff. 4 In Kaneff’s 
scheme each machine representation 
consists of a reactance-tube-controlled 
oscillator synchronized to a master oscil¬ 
lator under steady-state operating condi¬ 
tions. Dining disturbances, the power 


difference causes the energy-store circuit 
either to store energy in, or absorb energy 
from, the store. This causes the instan¬ 
taneous frequency of the machine oscilla¬ 
tor to vary according to the square root 
of the stored energy. Swing curves are 
then observed on an oscilloscope by means 
of a limiting technique with fault ap¬ 
plication and switching carried out cycli¬ 
cally. The authors have been working on 
the idea of a dynamic phase shifter re¬ 
sponsive to signals so that a network ana¬ 
lyzer equipped with these phase shifters 
can represent both static and dynamic 
systems. The latter include both tran¬ 
sient-stability problems and hunting 
phenomena in power systems.® Beckey 
and Schott 0 indicate that in their scheme 
an analogous idea was employed and a 
human operator was used as a power-to- 
shaft motion transducer. For the ana¬ 
lyzer operators and designers who are 
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Fig. 1. Block diagram of the analogue 
computer 


interested in the design features, thi< s 
paper gives some details and also makes 
some suggestions for future developments 
with a view to achieving a higher degree 
of accuracy in the experimental results. 

Description of Method 

The principle of the present scheme is 
quite general; it can be applied to both 
the conventional 400-cyde network ana¬ 
lyzer and the modern 10-kc analyzer de¬ 
scribed by Ryder and Boast. 7 Because 
of the considerably lowered cost of the 
high-frequency analyzer and its proven 
high quality of performance, the individ¬ 
ual units in the present scheme are de¬ 
signed to operate at 10 kc so that well- 
known electronic techniques can be readily 
applied with advantage. 

Fig. 1 shows a block diagram of the 
units. The reference of the system is a 
10-kc crystal standard-frequency oscilla¬ 
tor. Coupled to this oscillator are elec¬ 
tronic generators, each consisting of a 
zero-impedance amplifier controlled by a 
dynamic phase shifter. Under steady- 
state conditions, the output voltages of 
the amplifiers are adjusted both in magni¬ 
tude and in phase to correspond to the in¬ 
ternal electromotive forces of the syn¬ 
chronous machines in an actual system 
to be represented. An electronic wattr 
meter is connected to the output of each 
amplifier to indicate the steady-state 
power under steady-state conditions and, 
with proper adjustment, to indicate ac¬ 


celerating power under system disturb¬ 
ances. The wattmeter output when 
indicating accelerating power is a vary¬ 
ing direct voltage which is converted 
through double integration by means of 
electronic integrators first to represent 
the instantaneous angular velocity and 
then to represent the angular variations. 
These angle variations are fed back into 
dynamic phase shifters to swing the phase 
angles and to control the powers of the 
electronic generators. The transients 
which the phase shifters undergo will 
satisfy the following system swing equa¬ 
tions 8 

d*h i 

b= F 0 i ~P n i —Pei 

2 

~=Pa 2 = P 77i2 —Pe 2 


d^dn 

Mn ~~ —Pan — Pmn —Pen 


M = angular momentum 
5 = angular displacement between the inter¬ 
nal voltage of the synchronous ma¬ 
chine and an arbitrary synchronously 
rotating reference frame 
Pa= accelerating power 
Pm = mechanical power 
Pe “electric power 

/“normal frequency of the actual system 

In terms of the inertia constant if, the 
angular momentum becomes 


Hkva 

— - (o) 

180/ W 

Analogue computers may be broadly 
classified into two categories: slow simu¬ 
lators in which the time scale is such that 
any transients occur sufficiently slowly 
to be recorded manually by observers, 
and fast simulators in which transients are 
recorded with an oscillograph. To estab¬ 
lish the relationship between the param¬ 
eters of the computer elements and those 
of the actual system, let h denote the time 
in the simulator which is related to the 
time t in the actual problem by a scale 
factor a 


Referring to Fig. 2, A P, the accelerat¬ 
ing power in per unit, is related to E u 
the wattmeter voltage, by a calibration 
constant k w defined by 

Ei*=k w AP (4) 

It should be pointed out that the input 
to the wattmeter is instantaneous voltage 
and current and AP is not available before 
the wattmeter. However, for the sake 
of convenience, Fig. 2 is used to derive 
the calibration constants. 

The output of the first integrator is 

< 5 > 

and the output of the second integrator is 


’ RzcJ 1 


To convert E$ to the torque angle 5, 
it is necessary to know the conversion 
factor or the calibration constant k m 
of the dynamic phase shifter. k m is phase 
shift per volt defined by 

5/E 3 = k m (7) 
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Fig. 2. Conversion of accelerating power to displacement angle 


The equation for the instantaneous an¬ 
gular velocity of the synchronous machine 
is 

w =l&f APdt (8) 

where P is the rated output of the ma¬ 
chine in per unit. 

From equation 8, the angle 8 is found by 
integration 

8 —J'adt (9) 

Comparing equations 5, 6, and 7 with 
equations 8 and 9, the following two rela¬ 
tions are established 


RiC t = 


HPktocr 

180/ 


( 10 ) 


RiC2=*km<r 


(ID 


Having calibrated the two constants 
ku, and k m , and choosing a time scale er, 
Ru Ci, and i? 2 C 2 can be calculated from 
the system parameters of the problem 
according to equations 10 and 11, remem¬ 
bering that two of the four quantities 
may be assigned arbitrarily. Usually Ci 
and C 2 are assigned convenient values, 
since precision capacitors without leak¬ 
age and retentivity, such as polystyrene 
capacitors, are expensive and may not be 
available in all values. 


Design Features 


The primary frequency source of the 
analyzer is a conventional 10-kc crystal- 
controlled oscillator using two quartz- 
crystals of 1.01 and 1 megacycles. The 
output from the mixer tube is in the order 
of a few volts and is filtered for wave¬ 
form improvement. The choice of E, I, 


in mutually perpendicular pairs. In the 
new Iowa and Illinois designs, inductors 
having molybdenum-permalloy dust cores 
were employed. The chief disadvantage 
of dust cores is that by separation of the 
particles an effective air gap is introduced 
between each particle and the over-all 
permeability is reduced. The ferromag¬ 
netic material known as “Ferroxcube” 9 
was used in the design of inductances. 
This material is characterized by the pos¬ 
session of a high electrical resistivity to¬ 
gether with a high magnetic permeability. 
Unlike dust cores, which consist of ferro¬ 
magnetic particles suspended in resin 
binder, Ferroxcube is a homogeneous 
material possessing a cubic crystal struc¬ 
ture. The high permeability of Ferrox¬ 
cube and the carefully ground surfaces 
result in negligible external stray fields 
and, therefore, the cores may be placed 
side by side without interaction. The 
ability to stack these cores adjacent to 
each other considerably reduces the line 
and load units. Also a lesser amount of 
wire is required because of the permea¬ 
bility of the material. 

The coils were designed in 2-milli¬ 
henry and 200-, 20-, and 10-microhenry 
units. Their values remain constant 
over the current ranges in normal opera¬ 
tion. The Q of the coils is well over 100 
in all cases. This is a good feature be¬ 
cause the resistance setting need not be 
shaded with such a high Q. 

Zero-Impedance Amplifier 

Amplifiers are used to develop the 
power needed in the output of the equiva¬ 
lent generating stations of the analyzer. 
Since in transient-stability studies the 


internal voltages of the synchronous ma¬ 
chines are usually assumed to remain con¬ 
stant, the amplifiers to represent the 
generators should have zero output im¬ 
pedances. By using negative voltage 
feedback and positive current feedback, 
the effective internal impedance of the 
amplifier may be adjusted to zero. 10 
Fig. 3 shows the circuit of the zero imped¬ 
ance of the amplifier. It may be noted 
that the number of stages must be even 
or a transformer must be used so that the 
current feedback is regenerative. The 
output stage consists of two power tubes 
connected in push-pull to a high-quality 
audio-frequency transformer which is 
stepped down in a ratio of 5 to 1. Zero 
effective impedance is obtained by prop¬ 
erly adjusting the current feedback im¬ 
pedance. The amount of voltage feed¬ 
back can be adjusted over a fair range. 
To vary the output voltage, it has been 
found more convenient to adjust the in¬ 
put level rather than the amount of volt¬ 
age feedback. The input to the amplifier 
is fed from a dynamic phase shifter whose 
output level is readily adjustable. The 
amplifier output can be varied from 0.3 
to 2 per unit and remain constant at the 
selected value up to a current of approxi¬ 
mately 3 per unit, irrespective of the 
power factor. 

For short-circuit studies, where the fault 
is close to large generating stations, it may 
be necessary to reduce the base voltage 
and base current without altering the base 
impedance. A potentiometer of 2 to 5 
ohms in the current feedback circuit pro¬ 
vides a voltage for feeding a vacuum- 
tube wattmeter. 

Dynamic Phase Shifter 

The dynamic phase shifter is essentially 
a cascade phase-shift modulator, 11 as 
shown in Fig. 4. Each of the amplifier 
tubes 6SJ7 not only serves as a buffer 
amplifier to isolate the cascaded stages 
but also as a constant current source to 
its plate impedance. The plate load is a 
constant impedance network consisting 
of a coil in parallel with a series combina- 


and Z base values was made from a con¬ 
sideration of inductor design, since in¬ 
ductors are not common items of com¬ 
merce. To benefit from the Iowa and 
Illinois designs, 2 millibenrys was selected 
as the per-unit inductance, so that at 10 
kc the base impedance is 40 x or 125.6 
ohms. With a base current of 0.1 am¬ 
pere, the per-unit voltage is 4 x or 12.56 
volts. 

Inductive Reactances 

In the original Iowa design, air-core 
coils were used. These coils were shielded 


.I8M 



Fig. 3. Zero-impedance amplifier 
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tion of a capacitor and a variable resistor. 
The coil has an iron-dust core with a Q of 
about 30 at 10 kc, while the variable 
resistance is presented by the output of 
the modulator tube 6SN7. The function 
of 6SN7 is to convert a modulating signal 
at its control grid into a corresponding 
variation of resistance. When the induc¬ 
tive reactance of the amplifier plate cir¬ 
cuit is adjusted equal to twice the capaci¬ 
tive reactance, minimum amplitude dis¬ 
tortion will be observed at the plate. As 
the resistance varies in accordance with 
the modulating signal, the phase angle of 
the impedance varies, thus resulting in a 
phase modulation of the output signal. 

Through a voltage-dividing network, 
the input to each amplifier tube is brought 
down to approximately the same level. 
The plate resistance of the amplifier tube 
and the finite value of Q have a negligible 
effect on the magnitude of the constant 
impedance network, but have a minor 
effect on the phase characteristic of the 
network. To get minimum distortion, 
it is necessary to match the curvature of 
the modulator-tube resistance with the 
phase characteristic. Although this can 
be done by a proper choice of the 10-kc 
level and the value of the cathode resistor 
of the modulator tube, it has been found 
convenient to adjust the bias to meet the 
preceding requirement. To eliminate any 

478 


inherent distortion, the output of the last 
stage is clipped by a double diode and fed 
into a filter network through a cathode 
follower. The 10-kc fundamental is then 
amplified to meet the requirement of the 
zero-impedance amplifier. For steady- 
state torque adjustment, it has been found 
convenient to use static phase shifters 
preceding the dynamic ones; the static 
phase shifter is of the conventional design, 
as shown in Fig. 5. The initial steady- 
state phase-angle adjustment can be con¬ 
veniently done by manipulating the static 
phase shifter until the phase angle between 
the signal generator and the output of the 
zero-impedance amplifier is the required 
value as shown by a cathode-ray phase- 
angle indicator. This is an over-all phase 
shift; therefore the zero-degree extra 
phase shift contributed by the dynamic 
phase shifter need not be considered. 

A cathode-ray type of modulator or a 
phasitron may be a simpler device; since 
these are special tubes not available in 
Australia, the cascade phase modulator is 
adopted as it requires only standard tubes 
and is easy to adjust and maintain. 

Electronic Wattmeter 

The vacuum-tube wattmeter is at pres¬ 
ent hardly anything but a laboratory 
instrument. It offers the only method 
of measuring directly the alternating watt¬ 


age in very low power circuits or when 
high frequencies are involved. Funda¬ 
mentally, it is nothing but the combina¬ 
tion of the two rms voltmeters. Its 
operation depends upon a pronounced 
second-degree curvature in the transfer 
characteristic of the tubes; hence it re¬ 
quires carefully selected and matched 
tubes. The tubes 6BD7, manufactured 
locally by Philips Electrical Industries, 
are found to be suitable for the construc¬ 
tion of vacuum-tube wattmeters. The 
G m of 6BD7, when used as a triode, is 
practically constant over the range from 
— 5.0 to 2.0 volts; thus, with a bias of 
—3.5 volts, the voltage applied to the 
tube must not exceed 1 volt rms, as the 
instrument is used predo minan tly on cur¬ 
rents and voltages with a nearly sinu¬ 
soidal wave shape. 

Fig. 6 shows three ECC35 tubes, the 
center one being used as a phase splitter, 
while the two outer ones are used as dif¬ 
ferential amplifiers. A voltage derived 
from the current feedback circuit in the 
zero-impedance amplifier is phase-splitted 
and then added to a voltage from the volt¬ 
age divider across the zero-impedance 
amplifier output. The outputs from the 
plates of the two outer ECC35 tubes are 
therefore in theformof JS 1 -j-.E 2 and.E 1 —E 2 , 
where E x is proportional to the voltage 
output of the zero-impedance amplifier 
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Fig. 5. Static phase 
shifter 



gjrnd Ei is proportional to the'current. 

The wattmeter tubes are connected in 
push-pull. In the plate circuit between 
the two tubes is a grounded wire-wound 
potentiometer which is used to correct 
for the slight difference in the charac¬ 
teristics of the tubes. The two equal re¬ 
sistances in the plate circuits are wire- 
wound precision resistors; their values 
should not be so large as to flatten the tube 
characteristic. The instantaneous values 
of the two plate voltages are 


out by the following double integrators. 
The direct-current voltage corresponding 
to 1 per-unit power is 0.5 volt, but this 
can be amplified if necessary by means of 
the amplifier used to add Vi and — V\. 

To check whether the wattmeter would 
give any output for zero current or zero 
power factor, the voltage applied to the 
center ECC35 tube was reduced to zero 
and two equal voltages applied to the two 
outer tubes were varied over an appro¬ 
priate range. The potentiometer in the 


plate circuit of the wattmeter was ad¬ 
justed until the instrument gave prac¬ 
tically zero reading over this range of 
voltage variation. 

For transient-stability studies, the 
steady-state power should be balanced out 
before integration. This is done by feed¬ 
ing a voltage to the integrator equal to the 
steady-state power in a polarity opposite 
to the wattmeter indication. 

Ryder and McVay 12 described a 
thermocouple audio-frequency wattmeter 


Vi=*A +fl2(Fi+jE2)* (12) 

Vi=*A — E2) •\ m OLi(Ei — E2) 2 

where A, a it and are the constants of 
the tubes, assuming the two tubes are 
identical. 

E\ may be written as kiEcoswt and Ei 
as kilcas(ut—d), where hi and hi are 
constants and 0 is the angle of current 
lag. To get a voltage proportional to 
power, it is necessary to find the difference 
between Vt and Vi. The result would be 
a d-c term proportional to EIcos 0 and 
terms corresponding to 10 kc and its 
second harmonic. The ordinary differen¬ 
tial amplifier would not be satisfactory 
because slowly varying direct voltage is 
required and high-frequency voltages 
might saturate the tube. Two d-c feed¬ 
back amplifiers are employed: one to 
reverse V\ and the other to add Vi and 
— Vi. The high-frequency voltages need 
not be filtered out since they are smoothed 
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using two identical thermocouples to give 
a true square-law power indication. 
Their circuit had a low-resistance input 
in the load line and the voltage drop was 
used to operate the meter consisting of a 
4-tube 2-stage amplifier, with two double¬ 
diode limiters to prevent overloading. 
These meters are used to measure the gen¬ 
erator outputs in the Illinois 10-kc ana¬ 
lyzer. However, the inherent disadvan¬ 
tage of the “thermal converter” circuit is 
the slow response which makes it un¬ 
suitable for dynamic measurement of 
power. 

Electronic Integrators 

The basic tool of an electronic analogue 
computer is a high-gain d-c feedback am¬ 
plifier. By mere external changes in 
connections, this amplifier can perform 
the mathematical operations of arith¬ 
metic and calculus on the voltages ap¬ 
plied to its input. The amplifier gener¬ 
ally has an odd number of stages. For any 
mathematical operation, its accuracy de¬ 
pends only on the external computing ele¬ 
ments, such as the resistors and capaci¬ 
tors, and does not depend on the ampli¬ 
fier components as long as the amplifier 
gain remains large for all frequencies of 
interest. Consequently, the frequency 
characteristic may be used as a measure 
of the amplifier accuracy in producing a 
given operation. For instance, the fre¬ 
quency response of an integrator drops 6 
decibels per octave. If below a certain, 


not too high, frequency the deviation 
from linearity of 6 decibels per octave is 
considerable, error in integration will re¬ 
sult. Extending the frequency response of 
the base amplifier will improve the situa¬ 
tion. 

One of the inherent difficulties of all d-c 
amplifiers is the drift problem. Any 
change in grid-to-cathode voltage in the 
first stage because of a slight variation in 
plate supply or heater voltage, resistor 
drift, etc., is amplified in succeeding stages 
producing a large change in output volt¬ 
age. Goldberg 13 has developed an auto¬ 
matic balancing system using a chopper 
in conjunction with a compensating a-c 
amplifier. Any drift voltage at the input 
grid is chopped by the vibrator and the 
amplifier output is half-wave rectified by 
the vibrator, filtered, and coupled to the 
second grid of the d-c amplifier input. 
By means of the common cathode resistor 
of the first stage, the chopper and the 
compensating a-c amplifier provide con¬ 
tinuous balancing to counteract drift. 
Based on this principle, an electronic 
integrator was designed, as shown in 
Fig. 7. The compensating amplifier has 
a d-c gain of 1,000 and is drift-free, so 
that the drift voltage is reduced by a fac¬ 
tor of about 1,000. 

For stability it is important that the 
vibrator have make-before-break con¬ 
tacts. 14 Otherwise, the balancing ampli¬ 
fier will oscillate because of the in-phase 
a-c coupling through the vibrator capaci¬ 


tance. Siemens high-speed relays type 
57a were used for d-c amplifier drift con¬ 
nection. Each relay carries two separate 
coils of 5,000 ohms each. Only one need 
be operated, with about 20 to 30 volts 
rms of about 100-cycle-per-second supply 
from a Beat Frequency Oscillator. The 
second coil can stay unused, or may be 
used with a minor correction of the vi¬ 
brator operation with a d-c supply. These 
supply voltages were fed to the base of 
the relay. The two leads to the two con¬ 
tacts were taken from the base and direct- 
soldered onto the brass bars carrying the 
contacts with short screened leads. The 
vibrator lead was taken to the core of the 
relay and from there to the base. The 
relays were also modified at the contacts; 
the vibrator carried two short pla tinum 
iridium springs and the outer contacts 
were both rhodium-plated. 

Preliminary adjustment for the 1-to-l 
mark/space ratio between the contacts, 
with the coil fed by its appropriate volt¬ 
age, was coarsely done on the bench with 
signal voltages of a few volts fed to the 
contact, and final adjustment was made 
in the amplifier connections by watching 
1-to-l mark/space ratio at the a-c ampli¬ 
fier output and the d-c amplifier output 
for optimum adjustment and drift per¬ 
formance. 

It should be pointed out that the grid 
current in d-c amplifiers cannot be main¬ 
tained at zero as long as the plate current 
flows. However, it can be made prac¬ 
tically constant by operating tbe tube at 
low plate current because the grid current 
is a function of the plate current. If the 
feedback network is a pure resistor, the 
grid current will develop voltages across 
the input resistor and the feedback re¬ 
sistor in accordance with the ratio of their 
resistance values. This is because the 
amplifier will drive the output voltage to 
buck the voltage change at the input grid, 
assuming that the input resistor is con¬ 
nected to a low-impedance source. For 
integrators, the grid current will charge 
up the feedback capacitor; it is therefore 
necessary to select a tube with very low 
grid current for the input stage. An 
ECC35 or its equivalent 6SL7 tube has a 
grid current of the magnitude of 20 X10 _1() 
ampere approximately. To compensate 
for the grid-current flow, a small voltage 
from a battery can be fed to the first 
stage of the input tube through a very 
large resistance and the magnitude of this 
voltage is adjusted until the output volt¬ 
age is zero. When two integrators are in 
cascade, the foregoing procedure should 
be applied to each individually to get a 
zero output for zero input during the time 
of the experimental run. 
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Fig. 8. Phase-angle indicator 



C High-quality capacitors, preferably 
with polystyrene dielectric, should be used 
in the feedback circuit to achieve low loss 
and low retentivity. A switch is pro¬ 
vided to short-circuit the capacitor of 
each integrator in order to return the out¬ 
put to voltage to zero. 

Phase-Angle Indicator 

The conventional ellipse method of 
measuring phase angle between two elec¬ 
trical quantities at higher audio-frequen¬ 
cies is not suitable in connection with this 
project. Because of finite spot size and 
harmonics, the errors become so large 
when the phase angle approaches 90 
degrees as to make the ellipse method 
useless. 18 The extinguished-spot method 
is found to be satisfactory. 16 The princi¬ 
ple of this method is quite simple: one 
10-kc voltage is fed through an amplifier 
with variable gain to a phase-splitter cir¬ 
cuit giving two equal voltages in quadra¬ 
ture. These two voltages are then am¬ 
plified and fed to the X and Y deflecting 
plates of a cathode-ray oscillograph so as 
to produce a circular trace on the screen. 
Another 10-kc voltage is clipped and am- 
fied to become a square wave. It is then 
differentiated and the positive pip is re¬ 
moved by a limiter circuit. The negative 
pip is fed to the grid of the cathode-ray 
oscillograph so as to extinguish the spot 
over a small portion of the circle. The 
position of the leading edge of the break 
in the circle determines the phase of the 
second 10-kc voltage relative to the first 
one. To determine the position on the 
circle corresponding to zero phase angle, 
the squaring circuit is provided with a 
switch so that it can also be connected to 
the first 10-kc voltage. A perspex scale 
with a number of concentric circles 
marked in degrees is fitted onto the 


screen of the cathode-ray oscillograph and 
is supported by small rollers so that it 
can be rotated by a small knob. 

A complete circuit of the apparatus is 
shown in Fig. 8. In both channels the 
voltages are fed through attenuators, 
and it is important that there is negligible 
phase shift in the attenuators. This 
limits the input impedance to about 
50,000 ohms. A cathode follower may 
be built outside the unit for higher input 
impedance, but it would limit the input 
voltage range. The phase shift produced 
in the tubes is not important as long as 
it remains constant, because the tubes 
are used to obtain both the zero setting 
and the reading. The size of the circle 
on the screen can be adjusted by varying 
the gain of the amplifier in the upper 
channel. To allow for the difference in 
the sensitivity of the two pairs of de¬ 
flecting plates, one of the resistances in 
the phase-splitting network is made a 
potentiometer, thus enabling the X deflec¬ 
tion to be varied until a circle is formed on 
the screen. The direction of spot rota¬ 
tion gives an indication of lagging and 


leading phase. This is determined and 
marked on the perspex scale. 

The accuracy of this apparatus depends 
on the distortion of the wave form to be 
measured, since a small amount of distor¬ 
tion shows up on the shape of the figure 
obtained on the screen. The maximum 
possible error for a 5-per-cent third har¬ 
monic is 3 degrees. Using resistance- 
capacitance circuits of known values to 
calculate the phase angle, and compar¬ 
ing these with the reading taken from 
the apparatus, the errors are shown 
within 2 degrees. Small errors in the 
phase indicator can be corrected for, if 
necessary, in the experimental results. 
However, no accumulated error would re¬ 
sult from this in the dynamic phase 
shifter and thus it is considered adequate 
for the determination of swing curves. 

Illustrative Example 

As a typical example of a transient- 
stability study with the use of this com¬ 
puter, a 2-machine problem supplied by 
the Electricity Trust of South Australia 
is given in Fig. 9, which represents a 


STATION A 


0 


STATION B 


4-50 MW/55.5 MVA 
Waterwheel- 
generators 

X'd « 30% on own base 
Xg * 25% on own base 
H • 3kW-secs/kVA 



4-55 MVA 
220/11 kV 
1 ATransfrs. 

s 

X=15% on own base 


H*- 


T 

Load 

320-j f50 


0 


2-60 MW/75 MVA 
Turbogenerators 
X'd « 15% 

X 2 - 12% 

H * 5kW secs/kV 


4-37.5 MVA 
220/11 kV 
1 ATransfrs. 

X * 14% on own base 


Fig. 9. A 2-machine problem 
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double-line-to-ground fault applied on one 
line adjacent to the 220-kv bus at the A 
station. The lines are 190 miles , two 
circuits, 220 kv, 0.5 square-inch copper 
equivalent steel-reinforced aluminum- 
cable conductors. The 50-cycle con¬ 
stants are as follows: 

Line Impedances 
Positive 

sequence=0.655 ohm per mile 

=0.135 per cent per circuit mile on 
100 -megavolt-ampere (mva) 
base 

Zero 

sequence = 1.587 ohms per mil t* 

= 0.328 per cent circuit mile on 
100 -mva base 

Shunt Capacitive Susceptance 
Positive 

sequence=4.475 micromhos per mi le 

=0.217 per cent per circuit mile on 
100 -mva base 

Zero 

sequence=3.166 micromhos per mil<* 

=0.153 per cent per circuit mile on 
100 -mva base 

The equivalent — w circuit for the 
transmission line (positive sequence only) 
is: 

Series impedance = 12.64 per cent on 100- 
mva base 

Shunt susceptance of each branch=41.5 per 
cent on 100 -mva base 

The initial operating conditions are 
assumed as follows: 

220-kv bus voltage at A = 107 per cent 
220-kv bus voltage at B = 100 per cent 

Using these voltages as references, the 
voltages behind transient reactances of 
machines under normal operating condi¬ 
tions are £^=119.9 /18.44° and E B = 
117. 2/11.398° . The power from A and 
B is given as follows: 

1. System prior to fault 

Pa =48.31+235.9 sin (19.30°+$) 

Pb = 125.83 -235.9 cos (109.3° - 5 ) 

where 5 is the displacement angle between 
the two machines and is found to be 20.71 
degrees, 

2. System after the faulty circuit is isolated 

Pa =31.269+172.34 sin (19.70°+$) 

Pb= 143.05+172.34 cos (109.3°-$) 

3. System during fault: Assuming that 
five 80-mva 22 / 66 -kv star-delta trans¬ 
formers are connected to the B station bus 
to supply the load and that the neutral 
point of the 220 -kv winding is earthed, the 
impedances of the transformers are 15.5 per 
cent on their own bases. After combining 
the sequence networks at the point of fault, 
the result is 

Pa. =5.306+56.4 sin (15.74°+$) 

Pb= 70.88-56.4 cos (108.74° -$) 



Fig. 10. Experimental and calculated results. 
Solid lines are calculated curves and dotted 
lines are experimental curves 


Curves 1: Swing curves with fault applied 
indefinitely 

Curves 2: Swing curves with the fault circuit 
isolated 0.3 second after the occurrence of 
fault, indicating that the system is stable 
Curves 3: Swing curves with tripping of the 
faulty circuit at 0.35 second after the appli¬ 
cation of the fault, indicating that the system 
is unstable 


The values for obtaining the swing 
curves are then computed and plotted as 
shown by the solid curves in Fig. 10. 
From these curves it is seen that the crit¬ 
ical angle is 83 degrees and the time by 
which the faulty circuit must be cleared 
to maintain stability is approximately 
0.31 second after the application of fault. 
Curve 1 shows the swing curve with fault 
applied indefinitely. Curve 2 is the 
case with faulty circuit isolated 0.3 
second after the occurrence of fault. 
The angle reaches a maximum of 124.3 
at the time of 0.58 second and then de¬ 
creases, indicating that the system is 
stable. Curve 3 shows that the system is 
unstable for a fault-clearance time of 0.35 
second. 

To use the computer to evaluate these 
curves, it is necessary to choose the time 
scale <r. By expanding the time scale, 
application and isolation of the fault can 
be done manually. Choosing <r as 50 
and using the calibrated values of k w = 
0.5 and & m = 12 , RiCi and R 2 C 2 can be 
determined. Since polystyrene capaci¬ 
tors of 1 -microfarad capacity have been 
purchased for the electronic differential 
analyzer being built in the Servomebh- 
anisms Laboratory, it was decided to 


choose Cx=C 2 =l microfarad. To keep 
the values of R x and R 2 about the same 
order of magnitude, equation 10 is multi¬ 
plied by 10 “ 2 , thus maintaining the over¬ 
all amplification of the two integrators 
constant. However, by doing so, the out¬ 
put from the first integrator and hence the 
input to the second one corresponds to 
the angular velocity multiplied by 10 “ 2 . 
Hence for machine A 


Ci = 1 microfarad; C 2 = 1 microfarad 


Rv 


3X2.22X0.5X 50 
180X50 


X10*=1.85 megohms 


£a = 12X50X10“ s =6 megohms 
For machine B 


Ci — 1 microfarad; C 2 .= 1 microfarad 
„ 5X1.5X0.5X50 

Rl ~ 180 X 50- X 10 2 =2.08 megohms 

£ 2=6 megohms 

The experimental results, after having 
been converted to the actual time scale, 
are plotted as dotted curves in Fig. 10. 
The experimental curves follow faith¬ 
fully the calculated curves up to ap¬ 
proximately 0.35 second and then begin 
to depart. This is caused by slight drifts 
in the wattmeter tubes. On the whole, 
the two sets of curves compare favorably 
and conclusions can be drawn as to 
whether the system is stable or not from 
the computer solutions. 

The calculated curves were made by 
using time intervals of 0.05 second, so it 
may be expected that there should be 
cumulative errors of the stepwise tech¬ 
nique for large values of t. The com¬ 
puting solutions, on the other hand, are 
continuous and were recorded manually 
and therefore are subject to human errors. 
A Sanborn recorder or other types of auto¬ 
matic recorder having appropriate fre¬ 
quency response can be used to eliminate 
the human errors. One inherent disad¬ 
vantage of the electronic wattmeter is the 
slight drift which cannot be completely 
eliminated. It is doubtful if it can even 
be minimized simply by a proper choice 
of time scale because, if the time scale is 
compressed, it is necessary to increase the 
over-all amplification of the feedback 
loop proportionately. 

Built as a pilot model to testits perform¬ 
ance, plans have been made to develop 
more suitable wattmeters for 10 -kc fre¬ 
quency in order to analyze such problems 
as a study of the stability during subse¬ 
quent swings of a system or the p ullin g- 
into step of the elements of a system. 
One is to modify the wattmeter now being 
used in the master measuring desk of the 
Illinois Analyzer . 17 This is a Weston 
model 432 with a fixed coil rating of 750 
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milliamperes and. a moving coil current 
rating of 13 milliamperes for full deflec¬ 
tions. A suitable voltage amplifier and a 
current-amplifier are used in connection 
with this wattmeter. To eliminate the 
mutual reactance between the two coils 
and the distributed capacitance of the 
coils, a conventional bridge circuit with 
one of the meter coils in one of the bridge 
arms is connected to the output of one of 
the amplifiers. A feedback circuit is ar¬ 
ranged such that, if a mutual voltage is 
induced in the coil, a portion of this volt¬ 
age is fed back into the amplifier in such a 
way as to cancel the effect of this error 
voltage on the meter coil current. The 
correction voltage is independent of the 
desired driving voltage, i.e., the function 
of the bridge circuit is to separate the de¬ 
sired driving voltage from the error volt¬ 
age. The movement of this meter may 
then be used to vary a potentiometer and 
hence give a voltage proportional to the 
wattmeter reading. In this case, drift 
is entirely eliminated. 

Another method being explored origi¬ 
nates from a project on the development 
of a high-speed multiplier utilizing the 
fact that the discharge or charge of a 
capacitor through a resistance follows 
an exponential law. Assuming that two 
identical resistance-capacitance networks 
initially charged to Vi and V 2 are allowed 
to discharge through resistors at /=0, 
then at /-fa V x falls to F s while V s falls 
to a value (VtVJ/Vi. Taking Vi as 
reference and sampling the voltage of the 


Discussion 

G. A. Bekey (University of California, Los 
Angeles, Calif.): This paper presents an 
interesting extension of several recent pro¬ 
posals for automatic determination of sys¬ 
tem swing curves. The different ap¬ 
proaches to this problem may be listed as 
follows: 

1. Construction of special-purpose ana¬ 
logues: A number of such analogues have 
been constructed; see references 1 through 5 
of the paper. The main disadvantage of 
this type of device is that it is specialized in 
function and may require network analyzer 
data on the power system under consider¬ 
ation. 

2. A step-by-step swing curve computer: 
A device of this kind has now been added to 
the Westinghouse network analyzer at East 
Pittsburgh 1 and to the General Electric 
network analyzer in Schenectady; this 
swing curve calculator is shown on the May 
1964 cover of Electrical Engineering. This 
device is simply a small computer which 
carries out the slide-rule calculation for each 
angle increment when the power output of 
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second resistance-capacitance network at 
the instant when the voltage of the first 
resistance-capacitance network reaches 
the level Vz, the product of two quanti¬ 
ties is obtained. A switching circuit re¬ 
charges the resistance-capacitance net¬ 
works to new levels of V 2 and V a ; then 
the charging circuits are switched off to 
allow normal discharge until a new level 
of Vz is reached. This is done automati¬ 
cally with the multiplier cycling through 
these operations to follow the variation 
of V 2 and V a . The sampling rate should 
be such that the answer storage can 
follow the variation i.e., within the period 
fa the inputs should undergo little changes. 
In this scheme the accuracy depends 
mainly on the circuit elements external 
to the vacuum tubes, thus eliminating the 
disadvantages of previous methods which 
depend entirely on the tube characteris¬ 
tics. After this scheme is perfected, it 
can be made to work as a wattmeter free 
from drift. 
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each generator is fed into it and displays 
this angle as a voltage. 

3. Automatic determination of swing 
curves using existing network analyzers: 
In this third category fall devices such as 
that described by Mr. Shen and Mr. Lisser 
which make use of a network analyzer on 
which the steady-state behavor of the sys¬ 
tem may also be studied. A computer and 
servomechanism are used with each gener¬ 
ator. The authors present a discussion 
dealing with the 10-kc analyzer. Another 
fully automatic scheme suggested by Dr. 
E. L. Harder of Westinghouse Electric 
Corporation was built by Giovanni Mala- 
man at Yale University. 2 ' 8 A similar 
scheme made use of a mechanical differen¬ 
tial analyzer in conjunction with a 480-cycle 
network analyzer (see ref. 6 of the paper). 

4. Construction of new synchronous ma¬ 
chine analogues: It is also possible to sim¬ 
plify the study of transient stability by con¬ 
structing a new analogue for the synchron¬ 
ous machine to be used with the network 
analyzer. Such analogues which give the 
quadrature- and direct-axis voltages and 
currents explicitly have been constructed by 
J. E. Van Ness. 4 


The greatest stumbling block to ready ac¬ 
ceptance of automatic methods such as the 
one described by the authors seems to be 
the lack of accurate, trouble-free compo¬ 
nents. Devices such as electronic watt¬ 
meters and phase shifters still present prob¬ 
lems in accuracy and reliability. The pres¬ 
ent paper is another step in the direction of 
eliminating these problems. 

It is probably still too early to determine 
which of the four approaches I have listed 
will come into wide usage. In any case, it 
is my opinion that the step-by-step method 
will soon be eliminated. 
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erence, the net difference being fed to 
the d-c control amplifier. As has been 
indicated previously 2-4 such an arrange¬ 
ment effectively constitutes a feedback 
amplifier. When the loop gain is suffi¬ 
ciently high, the output voltage is nearly 
as stable as the voltage reference, despite 
variations in the load current, the un¬ 
regulated d-c voltage, and the control 
amplifier gain. Techniques for providing 
adequate loop gain (without oscillation) 
have been given. 2-4 In the final ana- 


I N SOME instrument applications, bat¬ 
teries are used as sources of d-c power 
because they are portable, and free of 
internal noise (except for slow changes 
with temperature and time), and because 
they can be completely shielded from 
external noise. These advantages are 
frequently offset, however, by problems of 
size, weight, and replacement, and as a 
result increasing use is being made of 
a-c powered electronic d-c power supplies 
for a-c amplifiers, d-c amplifiers, and d-c 
potentiometers for voltage measurement. 
Although such electronic d-c supplies 
require a-c input power, this requirement 
is generally not objectionable because 
a-c power outlets are conveniently avail¬ 
able. Means for suppressing the effects 
of line voltage fluctuation are often re¬ 
quired for a-c amplifiers, generally re¬ 
quired for d-c amplifiers, and always re¬ 
quired for d-c potentiometers for voltage 
measurement. 1 The use of a series 
(rheostat) tube with an appropriate d-c 
control amplifier and voltage reference 
has been generally accepted as a pre¬ 
ferred way to accomplish this, 2 an ex¬ 
ample of which is shown in Fig. 1. The 
heavy lines indicate the path of the power 
to the load R L . The series rheostat 
tube, under the control of the components 
indicated by light lines, stabilizes the d-c 
load voltage V L . 

This paper is concerned with: 1. the 
voltage reference or voltage standard; 

2. zero drift in the d-c control amplifier; 

3. means of checking and correcting for 
this drift; 4. adjustment of load voltage; 

5. radio-frequency (r-f) noise; 6. making 
voltage and voltage stability adequate for 
photomultiplier tubes. When necessary, 
elaborate means of coping with these 
problems can be used to provide pre¬ 
cisely known output voltages with ex- 
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ceptional stability. The relatively simple 
means described in this paper are ade¬ 
quate for many instrument applications. 
(It is not intended to imply that every 
item described is commercially available.) 

Factors Affecting Stability 

Fig. 1 indicates schematically the basic 
type of stabilized system under consid¬ 
eration. The power transformer, rec¬ 
tifier, and filter convert the unregulated 
a-c input to unregulated direct current 
at a suitable high voltage level. The 
unregulated direct current is converted 
to regulated voltage V L across the output 
load resistance Ri by means of the series 
power tube used as a rheostat. The 
resistance of the rheostat tube is adjusted 
by suitably varying its grid potential in 
accordance with deviations in the voltage 
V L across R L . 

To reduce such output deviations, they 
are fed through a suitable amplifier to 
the grid of the rheostat tube. The elec¬ 
tronic control system is fast enough to 
stabilize V L against rapid changes in 
either load current or a-c supply voltage. 

Deviations of V L from the desired 
normal value are detected by comparing 
a portion of V L with a stable voltage ref- 


lysis, however, the output voltage sta¬ 
bility is determined by: 

1. Deviations of the feedback factor 0. 

2. Deviations of the voltage reference. 

3. Control-amplifier-zero deviations, which 
are equivalent in effect to deviations of the 
voltage reference. 

For many instrument applications, 
these three principal deviations must be 
so controlled or reduced that satisfactory 
over-all stability is maintained for periods 
of 8 hours or more. Deviations in 0 
are readily reduced by suitable arrange¬ 
ments of stable resistors. Even though 
the resistance values may change mark¬ 
edly with temperature, the resistors can 
usually be so matched as to minimizp 
the effect on 0. Unfortunately, devia¬ 
tions in the voltage reference and control 
amplifier zero are not so readily avoided. 

Voltage Reference and D-C Control 
Amplifier 

The electrochemical standard cell can 
be used for the voltage reference but it is 
not adapted to a wide temperature range. 
Its relatively small voltage appears to 
dictate the use of a chopper amplifier 6 
or a chopper stabilized d-c amplifier. 6 
Highly evacuated tungsten filament lamps 
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in a relatively high-voltage bridge were 
found stable in tests but the bridge at¬ 
tenuated the output-voltage change as 
seen by the control amplifier, the re¬ 
quirements on which were thus made more 
stringent. A bridge using a single glow- 
discharge voltage-regulator tube, as 
shown in Fig. 2, introduces less attenua¬ 
tion, but such tubes available prior to 
1946 were somewhat subject to instabili¬ 
ties of a spontaneous nature. 7 Fortu¬ 
nately the S-901 -C glow tube was supplied 
to us in 1946 by Radio Corporation of 
America. This development tube, 8 and 
the commercial tube 5651 which followed, 
are free of the instabilities of a sponta¬ 
neous nature found in the earlier tubes 
such as the VR105/30. Fig. 2. System using voltage-sensitive bridge. There is only one voltage Vg for which the 

Experience with 5651 tubes to date bridge is balanced. For the balanced condition there can be only one value of current 

has indicated that, with very few ex- * n *° bridge 

ceptions, they also exhibit remarkably 
good characteristics with respect to 

both long-time stability of operating volt- tioned, 7 elaborate long-time tests were tional variation in a-c supply) causes an 

age and repeatability of operating voltage required- These difficulties were known extra change of about 0.025 per cent in 

with successive tube firi n gs. The tern - to ^ ie ^be experts, who informed us that output voltages. Depending on the di- 

perature coefficient for such tubes is voltage jumps could not readily be rection of heater unbalance for the par- 

between —0.003 and —0.005 per cent cured in the VR105/30 tube and recom- ticular tube combination, such change 

per degree centigrade over very wide mended redesigning the d-c supplies may add to or subtract from the initial 

ranges of ambient temperature. After around the new tube which should be 0.025-per-cent variation. In other words, 

exposure to severe thermal shock, they ^ ree t ^ ie voltage jumps. 8 This was the heater effect may bring about almost 

exhibit no significant changes in their done based on the system shown in Fig. 2. perfect compensation or it may cause 
characteristics. They have an incre- ^he new u* 11 * ^ as a uominal output of the total output variation to approach 

mental resistance of between 1,000 and 105 volts, and the output voltage can be 0.05 per cent. Regulating the power to 

1,500 ohms. This is considerably higher ** precisely at 105 volts by adjustment the heaters could do no more than hold 

than that of several other types, but the of ^ ta P on &v this total variation to about 0.025 per 

small operating current of 1.5 to 3.5 Deviations of V L from a normal value cent (as set by the gain of the d-c control 

milliamperes (ma) makes it tolerable. are detected and fed to the control ampli- Amplifier). Further advantages of the 

The stability of the 5651 is so good that fier b y means of the voltage-sensitive differential control amplifier are described 

a “differential” d-c control amplifier bridge shown in Fig. 2. This bridge later, 

with its reduced zero shift 9 * 10 is justified. consists of the two portions of Ry, the 

fixed resistor r, and the 5651 gaseous Utilization of Voltage-Sensitive 

discharge tube. Since the voltage drop Bridge for Adjustment of Load 
A Power Supply Based on 5651 Tube across the 5651 tube does not vary with Voltage 

and Differential D-C Control current as do the resistive voltage 

Amplifier drops in the other arms, the bridge is With R (Fig. 2) set at zero, the load 

balanced for only one value of the voltage voltages V L is the same as the bridge 

Prior to World War II, a recording V B applied to its input. As shown in Fig. balance voltage V B . This voltage can 

microphotometer was developed to meas- 2 the d-c control amplifier is the differen- be precisely adjusted to any value within 

ure and record the relative densities of tial type, both of its signal input terminals a range of a few per cent above or below 

lines on spectrographic plates. 11 This being grids. Since these grids do not the nominal 105-volt value by adjustment 

instrument required two separate d-c draw appreciable current, zero drift of of the tap point on R v . This type of 

supplies having outputs stable to better the control amplifier current-wise is negli- adjustment, limited in range by the 

than 0.1 per cent for periods of 8 hours or gible. Voltage-wise, the zero-drift of the allowable limits of current through the 

more. One supply was needed for a low- differential control amplifier is small be- 5651 tube, is intended primarily to re¬ 
level conductively coupled d-c amplifier; cause of symmetry. 9 * 10 Although the dif- store V L to the desired nominal value 

the other was needed for the special lamp ferential amplifier does not completely when a 5651 tube is replaced by one hav- 

by means of which the photographic eliminate heater-voltage effects, the com- ing a slightly different operating voltage, 

plate was scanned. None of the then pensation appears to be adequate without Whenever V L need not be set to a specific 

commercially available regulated sup- special tube selection and without other value, the tap point on R v need not be 

plies were found to be suitable for this means of compensation. When the a-c made adjustable, and two fixed resistors 

application, and d-c power supplies had line voltage is changed abruptly from 100 can be used. The load voltage will thpn 

to be designed. Early designs were to 125 volts, the control amplifier quickly be stable, but its value will depend on the 

based on the VR105/30 in a circuit de- acts to limit the output voltage change to particular 5651 tube in use. The fixed 

scribed later. Because some of these 0.025 per cent. Within a few seconds, ratio and the resistor r in series with the 

tubes changed voltage in an abrupt and however, the unbalance in the beaters tube must be assigned such values that 

spontaneous way, as previously men- (which have been subjected to a propor- none of the 5651 tubes used will be oper- 
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junpimec circuit ror photomultiplier supply. The output voltaue can be red.,^ 
by reducing the variable 50K resistor and by short-circuiting one or more If the 5651 tubes 


ated outside the allowable range of tube 
current (1.5 to 3.5 ma). 

Whether the tap on R v is adjustable 
or fixed as just noted, the control ampli¬ 
fier tends to maintain the bridge voltage 
at its balanced value V s . As long as the 
voltage-current characteristic of the 5651 
tube remains unchanged, the total bal¬ 
anced bridge current will be constant (if 
the resistance of r and the total resistance 
of Ry are constant). If R is now set to 
a resistance value other than zero, the 
power supply output voltage V L exceeds 
v b by the amount of the voltage drop 
acrosss R. Since the bridge current as 
wdl as the bridge voltage is stabilized 
by the control amplifier, V L is stabilized 
(if R does not vary). The difference be¬ 
tween V L and V B increases linearly with 
increase in R. 

When V L is increased by means of R, 


the plate supply of the d-c control ampli¬ 
fier increases also. Because the amplifier 
is of the differential type, the only sig¬ 
nificant effect of such change is a slight 
increase in amplifier gain. This tends to 
compensate automatically for the attenu¬ 
ation introduced by R in the feedback 
path. In fact, experiments show that 
the resultant stability is slightly better 
with V L at 150 volts than it is with V L at 
100 volts. 

The microphotometer 11 previously men¬ 
tioned required a negative voltage in addi¬ 
tion to a well-stabilized positive voltage. 
Fig. 3 shows how this is done by returning 
the negative side of the unregulated d-c 
supply to ground through resistor R' 
instead of through a direct connection. 
Assuming R L ' infinite, the total current 
through R' consists of the external load 
current through R L) the bridge current, 


and the current drawn by the differential 
control amplifier. The amplifier current 
is essentially constant because the dif¬ 
ferential action tends to increase the cur¬ 
rent in either tube of a given stage when¬ 
ever the current decreases in the other 
tube of that stage. Consequently, so 
long as R l is held constant, the total cur¬ 
rent through R' remains essentially 
constant. If R' is constant, a relatively 
well-stabilized voltage, negative with 
respect to ground, is thereby provided, 
which increases or decreases with R\ 
When an external load R L ' is connected 
from the negative terminal C to ground, 
the negative voltage decreases in accord¬ 
ance with the equivalent resistance of 
R and Rt in parallel. For applications 
where both R L and R L f are essentially 
constant, the value of R f can be adjusted 
to provide the desired negative voltage. 

Versatility of New Power Supply 

The useful features of the voltage-sen¬ 
sitive bridge, in combination with those 
of the differential control amplifier, have 
made it possible to provide for output 
voltage adjustment over a range from 
100 to 150 volts without significant loss 
of stability. At 105 volts’ output, load 
current change from zero to 200 ma pro¬ 
duces only a 0.05-per-cent change in out¬ 
put voltage. At a 150-volt output, the 
allowable maximum load current is re¬ 
duced to about 150 ma. At any load 
currents within ranges mentioned, 
change in a-c line voltage from 100 
to 125 volts changes the d-c output 
voltage only 0.05 per cent. At constant 
load, with ordinary a-c line voltage fluc¬ 
tuations, the long-term drift in output 
voltage after a 20-minute warm-up is not 
more than 0.05 per cent in 24 hours. 

Effects of Radio-Frequency Noise 

In many industrial installations, the a-c 
power lines pick up and conduct substan¬ 
tial amounts of r-f noise ori ginating from 
commutation, switching, etc. Because 
the tubes are fast and no nlin ear their 
output can be shifted by a relatively 
small amount of such noise. In brief, 
the tubes act as r-f detectors. To avoid 
this the critical tubes should be shielded 
from r-f noise. Fig. 3 shows schemati¬ 
cally how such arrangements were made in 
one critical application. Since the volt¬ 
age-sensitive bridge has several connec¬ 
tions to the d-c control amplifier, they 
are both placed in the same shield box 
so that only a few mica feed-through ca- 
pacitators are required to provide r-f 
filtering. 
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High-Voltage Power Supply with 
Stability Adequate for 
Photomultiplier Tubes 

Because the output of a photomulti¬ 
plier tube may vary as the seventh power 
of the d-c voltage the stability require¬ 
ments are stringent for some instrument 
applications. The techniques previously 
cited can be applied in a high-voltage 
power supply with adequate stability, 
as illustrated in Fig. 4. The 2-stage 
differential control amplifier receives its 
input signal from the voltage-sensitive 
bridge formed by the 5651 tube and the 
three fixed resistors. With these fixed 
resistance values, the voltage across the 
bridge depends on the particular 5651 
tube used, but the tube current is never 
outside the allowable range of 1.5 to 
3.5 ma. In fact, in accordance with 
both calculation and experiment, the 
total of the bridge current and control 
amplifier current always lies in the range 
2.9 to 3.1 ma. For any given 5651 tube 
used in the bridge, this total current is 
held essentially constant by the control 
amplifier, and has just the right value for 
the string of series connected 5651 tubes 
through which it is passed. 

The string of 5651 tubes is equivalent 
to a single high-voltage reference tube. 
Just as in the use of R' in Fig. 3, these 
tubes, with constant current through 
them, provide a constant voltage drop 
which is added to the bridge voltage to 
obtain the total load voltage of the power 
supply. 

The external load current can have any 
value consistent with the limitations im¬ 
posed by the unregulated d-c supply, 
the rheostat tube, and the control ampli¬ 
fier. For the arrangement of Fig. 4, var¬ 
iation of the external load from zero to 
3 ma produces less than 0.01 per cent 
change in load voltage. At constant 
load resistance, the load voltage varies less 
than 0.01 per cent for an a-c line voltage 
change from 100 to 125 volts. After 
about 20 minutes’ warm-up, at constant 
load current and normal a-c line fluctua¬ 
tions, the load voltage is stable to within 
about 0.01 per cent for periods of 8 hours 
or more. 

The string of 5651 tubes closely couples 
the over-all load voltage deviations to 
the voltage-sensitive bridge, thereby re¬ 
ducing the gain requirements for the 
control amplifier. Resistors can be used 
in place of the 5651 tubes if one can tol¬ 
erate the reduction in output stability 
which results from the higher coupling 
impedence and the temperature coefficient 
of the resistors. To avoid oscillation, 
a 0.002-microfarad capacitor is necessary 
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across the string of 5651 tubes as shown 
in Fig. 4. This capacitor also is re¬ 
quired if a string of resistors is used in 
place of the string of 5651 tubes. 

If the required maximum external 
load current does not exceed 3 ma, the 
output voltage can readily be reduced in 
approximately 87 volt steps simply by 
using fewer reference tubes in the string. 
No modification of the differential con¬ 
trol amplifier and voltage-sensitive bridge 
is required. The limitation on such a 
procedure is the maximum voltage which 
can be allowed across the rheostat tube. 
This limitation when encountered has 
been avoided by using a suitably lower 
voltage for the unregulated d-c supply. 

The adjustable 50,000-ohm rheostat 


(Fig. 4) in series with the reference tube 
string provides a means for adjustment of 
the load voltage over a range of approxi¬ 
mately 150 volts. By this means the load 
voltage can be adjusted either to suit 
one’s convenience or to restore the load 
to the desired level with any given set 
of 5651 tubes. These general arrange¬ 
ments for adjustment of load voltage 
afford a degree of simplicity and con¬ 
venience not available in other previously 
reported high-voltage stabilized supplies. 18 

Quest for Stability 

In striving to get comparable stability 
for smaller load voltage, the zero drift of 
the d-c control amplifier becomes more of 



Fig. 5. Early circuit for cascaded system. The regulator tube across the load attenuates 
the zero-drift of the control amplifier 



Fig. 6. An arrangement for checking the constancy of a stabilized d-c supply for a 
potentiometer. The resistor N with a positive temperature coefficient compensates the small 
negative temperature coefficient of the 5651 tube 
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a problem. An early attack on this prob¬ 
lem, used for the microphotometer, 11 
is shown in Fig. 5 where the glow tube is 
placed directly across the constant load 
resistance. In this position the constant- 
voltage characteristic of the glow tube 
attenuates the zero-drift in the control 
amplifier. Instability in the VR105/30 
glow tube led to the discard of this par¬ 
ticular arrangement for the microphotom¬ 
eter but a similar attack with improved 
components and techniques has been 
used in an arrangement to provide cur¬ 
rent for d-c potentiometers for voltage 
measurement. For such measurements, 
the current through the potentiometer 
must be held constant with change of 
conditions and with lapses of time at 
least as long as the period between check¬ 
ing. Fortunately, the current required 
by such potentiometers can be of the same 
order of magnitude as the rated current of 
the 5651 tube so that this tube <*«.« be 
shunted across the load in the same way 
as the VR105/30 tube was shunted across 
its larger load of Fig. 5. 

Fig. 6 illustrates the bare essentials 
and gives an explanation of them. The 
5651 tube has a small and reproducible 
negative voltage-temperature coefficient 7 
so that good temperature compensation 
is made possible by using a series-con¬ 
nected temperature sensitive resistor N, 
with a positive temperature coefficient. 

A differential d-c control amplifier {DET 
1), is used continuously to minimize un¬ 
balance in the primary bridge, thus tend¬ 
ing to hold constant the current through 
resistor r which feeds the secondary 
bridge. The voltage across the secondary 
bridge is the output voltage of the stabi¬ 
lized d-c supply and the input voltage of 
the potentiometer. Because the incre¬ 
mental resistance of the 5651 tube is 
lower than the resistance of the potentiom¬ 
eter, the output voltage of the d-c 
supply is more constant than the current 
through resistor r. This is the more ob¬ 
vious benefit derived from the arrange¬ 
ment of Fig. 6. A second benefit is 
less obvious but is of considerable impor¬ 
tance. The null detector of the poten¬ 
tiometer can be used occasionally to 
check the constancy of the output of 
the d-c supply without resort to other 
standards and without disturbing the 
load on the d-c supply. When the 
switch 5 is thrown to its upper position 
(Fig, 6) and the secondary bridge is 
balanced by* use of the null detector 
(DET 2), the location of the balance 
point on potentiometer P gives the de¬ 
sired check. If the position of this bal¬ 
ance point has not changed from its 
position at the time of calibration, the 
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output voltage of the d-c supply has not 
changed since the time of calibration. 
This assumes constancy in the elements in 
the secondary bridge but does not as¬ 
sume constancy of anything else. 

Because the incremental resistance of 
the 5651 tube is approximately known, 
the change in the output voltage of the 
d-c supply can be evaluated from the 
change in the position of balance for 
potentiometer P. In this way, a change 
of 0.1 per cent in the output voltage could 
readily be detected if it should occur. 
If the output voltage of the d-c supply 
does change, it can be restored to its 
initial value by adjusting slowly one of 
the resistive arms of the primary bridge. 
When the potentiometer P again bal¬ 
ances at the calibration mark, the output 
voltage of the d-c supply has been re¬ 
stored to its value at the time of calibra¬ 
tion. 

Conclusion 

Examples have been cited of power 
supplies using one or more of the follow¬ 
ing broadly applicable techniques: 

1. Use of the voltage reference tube in a 
voltage-sensitive bridge with highly stable 
resistance elements to provide a stable bal¬ 
ance condition. 

2. Use of a differential d-c control amplifier 
to reduce the effect of heater voltage varia¬ 
tions and to avoid the necessity for tube 
selection wherever tube replacement is re¬ 
quired. 

3. Use of the constancy of the current to 
the balanced voltage-sensitive bridge to ex¬ 
tend and adjust the power supply output 
voltage by means of a simple rheostat in 
series with the bridge. 

4. Use of the constancy of the current to 
the parallel combination of the balanced 
bridge and the differential control tun pljfW 
to provide a stabilized voltage drop across a 
fixed series resistance, and thereby couple 
the low-voltage bridge and control amplifier 
to the relatively greater output voltage of 
the power supply. 

5. Use of a string of voltage reference tubes 
(instead of the fixed series resistance) to 
improve and stabilize the coupling between 
the power supply output and the control 
amplifier, thereby improving the stability 
of the output voltage. 

6. Use of r-f shielding and filtering to 
maintain the good performance of the d-c 
power supplies in the presence of r-f noise. 

7. Use of the voltage reference tube across 
the load to reduce the effect of zero shift in 
the d-c control amplifier. 

8. Use of the null detector in a d-c poten¬ 
tiometer to check and correct for zero drift 
in the d-c control amplifier in the stabilized 
d-c supply for the d-c potentiometer. 

9. Use of a resistor of positive temperature 
coefficient to compensate for the negative 
temperature coefficient of the 5651 tube. 


Stabilized power supplies using these 
techniques have characteristics well suited 
to the stringent requirements of many 
instrument applications. 
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Discussion 

Byron M. Jones (Reliance Electric and 
Engineering Company, Cleveland, Ohio): 
The voltage sensitive bridge and the differ¬ 
ential control amplifier discussed in this 
paper certainly offer the possibility of 
better voltage regulation than would be 
possible with a conventional voltage refer¬ 
ence tube and d-c amplifier feedback sys¬ 
tem. The constant current characteristic 
of both the bridge and the differential 
amplifier should prove useful in a variety of 
circuit arrangements. The authors are cer¬ 
tainly right that the type-5d51 voltage 
reference tube is a great improvement over 
the older voltage regulator tubes. 

The following remarks concern photo¬ 
multiplier power supplies. While working 
on an undergraduate thesis at Purdue Uni¬ 
versity (concerning a fast coincidence circuit 
for nuclear research), the writer needed a 
power supply that was more stable than 
0.01 per cent. Such circuits are described 
in Higinbotham's paper, 1 but some circuit 
simplifications can be made by not using a 
d-c feedback system. The principle load 
on a photomultiplier power supply is the 
voltage divider across the dynodes of the 
tube. Since this is a constant load, the 
power supply need not regulate for wide 
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Fig. 7. Two-stage 
regulator circuit 


I current changes. One characteristic 
he d-c feedback amplifier is that it ex- 
ds the operating range of the voltage 
rence tube If the operating range as 
ated by the load characteristic is not 
great, there is little reason for using the 
Iback. 

he circuit shown in Fig. 7 was first used 
the Atomic Energy Commission at Oak 
ge, Tenn. At Purdue University it was 
lified slightly. The principle of the 
ration of the circuit is as follows. The 
string of voltage regulator tubes (type 
105/30) bring voltage to a semistable 
le. The second string of voltage refer- 
s tubes (type 5651 ) then regulate the 
age to an extremdy accurate value. 

circuit and the construction of the 
er supply are aimed at keeping the 
iitions within the voltage reference tubes 
onstant as possible. 

[y observation of photomultiplier power 
sly performance indicated that not only 
i the output of the photomultiplier vary 
he seventh power of voltage but also 


spurious pulses may be obtained by absorp¬ 
tion of stray electromagnetic radiation (such 
as light, heat, radio waves, and gamma rays) 
by the voltage reference tubes. Any 
spurious or steady-state change in the inter¬ 
nal energy of the gas of the voltage reference 
tube caused a change in its operating point. 
Therefore, the second set of tubes (type 
5651) was shielded from stray light and 
stray radio fields. They were placed in an 
oven to maintain constant thermal energy. 
An r-f filter was placed in the power supply 
to eliminate power-line noise. Since this 
experiment involved the use of radioactive 
materials, precautions were taken to insure 
that radiation energy was constant. When 
these precautions are taken, the output 
voltage can be maintained within 0.001 per 
cent. This degree of stability is necessary 
for wide-angle scintillation counters which 
are currently being used in nudear research. 

The purpose of this discussion has been 
twofold. First, a simple alternate power 
supply which is sufficiently accurate for 
photomultipliers as used in nuclear research 


has been described. Second, causes of 
reference voltage drift have been dis¬ 
cussed. Adequate shidding for all types of 
radiation is necessary for very dose regula¬ 
tion. 

Reference 

1. Precision Regulated High Voltage Sup¬ 
plies, W. A. Higinbotham. Review of Scientific In¬ 
struments, New York, N. Y., vol. 22, June 1961, 
pp. 429-31. 


W. G. Amey, F. H. Krantz, W. R. Clark, 
and A. J. Williams, Jr.: Mr. Jones’ com¬ 
ments are very interesting. We used a 2- 
stage regulator circuit quite similar to Fig. 7 
in our pH indicator which was completed in 
1950. In this application a low voltage 
was needed so only two regulator tubes were 
required. The circuit performed very well 
for this application but the discontinuities 
of the first regulator stage were not suffi¬ 
ciently reduced by the 5651 tube to obtain a 
stability as good as 0.01 per cent. Several 
105-volt and 150-volt regulator tubes were 
tried in the first stage but in each case good 
stability was possible only when the tubes 
operated in a region devoid of discontinui¬ 
ties. Since the locations of these discon¬ 
tinuities varied with time as well as from 
tube to tube, it was not possible to sdeet a 
rdiable operating region. 

The high-voltage power supply described 
in the paper is free of these discontinuities 
and when operated with a constant load its 
regulation is better than 0.01 per cent. 
Since this performance was sufficient for 
our applications, no attempt was made to 
measure the regulation with greater pre¬ 
cision. It should also be noted that the 
high-voltage power supply of the paper 
requires fewer tubes than the supply sug¬ 
gested by Mr. Jones. 


Equations for Determining Current 
Distribution Among the Conductors of 
Busses Comprised of Double- 
Channel Conductors 


CLIFFORD M. SIEGEL 

ASSOCIATE MEMBER AIEE 


RECENT paper 1 advances equa- 
i tions enabling calculation of the in- 
:ance and short-circuit forces of busses 
prised of double-channel conductors, 
lown in Fig. 1 of that paper. These 
itities are the essential parameters 
ired for the rational design of this 
entity much-used bus. In an adver- 
nent 2 it is stated that this type of 
traction is used in “11 out of the 16 
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largest turbine-generator” installations. 
The correctness and the usefulness of 
these equations in actual design are mani¬ 
fested by the valuable complementary 
discussion 1 of this recent paper given by 
0. R. Schurig, who compared values of 
reactance determined experimentally on 
a typical 3-phase bus comprised of 6-inch 
aluminum channels with values calculated 
from the equations of reference 1 and 


found good agreement among correspond¬ 
ing experimentally and analytically deter¬ 
mined values. 

Schurig’s data encompasses measure¬ 
ment of the effective values of the cur¬ 
rents in each of the six conductors com¬ 
prising the bus: thus, 1,612 and 2,860, 
2,755 and 2,400, 2,830 and 1,570 amperes 
for the six conductors, taken from left to 
right respectively. These values indi¬ 
cate that certain conductors carry sub¬ 
stantially more current than others. 
Obviously, it is most desirable in regard 
to actual design that equations be availa¬ 
ble which afford ready calculation of the 
relative distribution of the total phase 
current between the two conductors of a 
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phase. This enables checking, dining de¬ 
sign, the possibility of overloading one or 
more conductors well above the permis¬ 
sible maximum average current density 
dictated by considerations of temperature 
rise during operation. The possibility 
of deriving such equations was indicated 
in the authors’ closure 1 to Schurig’s dis¬ 
cussion. Accordingly, the prime purpose 
of the present paper is to advance these 
desired equations and to illustrate their 
use through calculation of the current dis¬ 
tribution in two typical busses. 

The present paper comprises: 

1. Derivation, through pertinent use of the 
geometric mean distance (gmd) theory set 
out in reference 3 and certain results ob¬ 
tained in reference 1, of a basic equation 
enabling calculation of the fraction of the 
total phase current carried by each of the 
two conductors comprising a phase of the 
bus of Fig. 1. 

2. Derivation of certain simple expressions 
enabling ready determination of the numer¬ 
ical values of the parameters of this equation 
for a specifically dimensioned bus. 

3. Illustration of application of this equa¬ 
tion through calculation therewith of the 
current division in one of the outer conduc¬ 
tors of two typical busses, one of which h as 
dimensions equal to that of the bus u s e d in 
Schurig’s experimental work. 

The resulting calculated values for the 
latter bus prove to be in good agreement 
with the corresponding values stemming 
from Schurig’s aforementioned experi¬ 
mental data, which agreement manifests 
both the correctness of the general 
analysis and its usefulness in actual de¬ 
sign. 

Derivation of the Basic Equation 

For the bus of Fig. 1 the voltage drop 
along each of the two channels comprising 
a conductor must be equal. If the re¬ 
sistive drop is much smaller than the 
reactive drop, and this is actually the case 
in practice, the two reactive voltage drops 
must be essentially equal. In such a case, 
on equating the two, 2irfL K J tei =2irfL iei In; 
thus 


Ifalki — Lfalja ( 1 ) 

where the subscripts kl and k'2 designate 
the two channels comprising the kth. con¬ 
ductor of Fig. 1; L k i and Z* 2 are the in¬ 
ductances associated with the two chan¬ 
nels, and Jfci and I/a the corresponding cur¬ 
rents in the two channels. 

From equation 1 of reference 1 


£»-- 2 (E 


~' 1 (li/h 1 ) log Di']ti + 

\<s*k 

(In/In) log Dai ,*2 + 


(In/In) log D kl ,n ) (2) 


and 
£*2 = 
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(Ii/Iki) log Di,A 2 + 
(In/In) log D* 2,*2 4- 

(hi/hi) log Diet 


where 
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(3) 


D<,*i=gmd between the tth conductor and 
the left c h a nn el of the kth. conductor 
Di.Aa^gmd between the tth conductor and 
the right channel of the jfeth conductor 
D*i,* 2 “Das.ai= gmd between the two chan¬ 
nels of the kth. conductor 
Dai.ai “Das.m= self-gmds of the left and right 
channels of the kth conductor respec¬ 
tively 


The dimensions of all quantities are to be 
expressed in the centimeter-gram-second 
system of electromagnetic units, which 
are particularly appropriate to calculation 
with gmd theory. Substituting equations 
2 and 3 in equation 1, collecting terms and 
simplifying, yields 

T 

j I* 1°S (D«.*i/D<,A2)+ 

In log (D*i i * 2 /D* 2| * 2 )-f- 

In log (Dai,& /Das.ai) = 0 (4) 
Inasmuch as £*,,*,=£*, 

,n> equation 4 

reduces to 

r 

If log (Di,ai/D<,a2)4- 

is"*k 

(In-Ik 1 ) log (Dai.aj/D*i,ai) =0 (5) 
Finally, division of each side of equa- 
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Fig. 2. Line segment approximation of 
conductor cross section 


tion 5 by /* and solvng as evident yields 
the following expression for the difference 
of the currents in the two channels com¬ 
prising the conductor, expressed as a frac¬ 
tion of the total conductor curr en t 

(In—In)/h *= (/<//*) X 

\<% 

log (Di,Ai/D,,* 2 )^/l 0 g (Dki,n/Diajei) 

( 6 ) 


Calculation of GMD 


As stated in reference 1 and confirmed 
therein by calculation, most channels used 
in practice are so thin that excellent ap¬ 
proximations for the actual values of the 
gmd indicated in equation 6 result if the 
actual cross sections of the channels are 
replaced by line segment cross sections 
having dimensions equal to the corre¬ 
sponding mean dimensions of the actual 
bus; see Fig. 2. In this case, a straight¬ 
forward though lengthy calculation, car¬ 
ried out as detailed in reference 3, yields 

log (Df, ai /D<,*, )&\ 2 e(i — k )f(2v +u)\i— 

*|ltan-» (u/2h) (7) 
and 

log (Dk\,n/Dk\,ki) — [2e J log e—2v 2 log v— 

3u* log u+c 2 log c+2ue log (e 2 +u 2 )~ 
((c+v) s +2u(c+v)—u 2 ) log ((c+v) 2 +u 2 )- 
2(c+v) 2 log (c-H>)4-(c 2 —« 2 ) log 
(c 2 +u 2 )'/*— (» 2 +2mi/— u 2 ) log (u 2 +v 2 )- f- 
2{e 2 - « 2 )Xtan _1 («/<?) +2((c+v) 2 —u 2 + 
2u(c- f-»))X tan -1 ((c+v)/u)+2uc tan' 1 
(c/u)—2(u 2 +2uv—v 2 ) tan -1 (v/u)-\~ 
ir(u 2 +eu-v 2 -(c+v) 2 )]/(u+2v) 2 (8) 

A further approximation for the second 
of these two functions results from ob¬ 
viating the gap between the two channels, 
thus letting c approach zero, while simul¬ 
taneously increasing v so that c+2v re¬ 
mains constant and equal to e; see Fig. 3. 
In this case, substitution of c=0 and 
v—e/2 in equation 8 yields 
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log (- 0 * 1 , te/Aa, *i) = [2e 2 log e— 
e 2 log (e/2)—4u 2 log «+ 

2ue log (e 2 +u 2 )—2(ue—u 2 + 

(e/2) 2 ) log (*»+(«/2)*)+ 

2(e 2 —« 2 ) tan -1 (w/e)+(4w 2 + 

4«e—« 2 ) tan -1 (2u/e)—iru(e+ 

u))/(u+e) 2 (9) 

An alternative form of equation 9 which 
is more convenient for computation 

log (Dk]. l ici/D] C ija) — ( — ttU( U +1) + 

2U log (1 + U 2 )- (0.5-227 2 + 

2U) log (0.25+27 2 )+2(1- U 2 )X 
tan" 1 27—(1—427*—427) X 
tan" 1 227-427* log 27+log 2)/ 

(27+1) 2 (10) 

where 27 is a dimensionless parameter de¬ 
fined by XJ=u/e. 

A graph of equation 10 is shown in 
Fig. 4, plotted from the values tabulated 
in Table I. This graph and the simple 
form of the right-hand member of equa¬ 
tion 7 enables easy computation of the 
terms in the right-hand member of equa¬ 
tion 6, and of the division of current be¬ 
tween the two channels of a conductor. 
In carrying out this computation, it is to 
be noted that the dimensions of the cross 
section of the bus can be expressed in any 
convenient unit of length, and the currents 
in the conductors can be expressed in any 
convenient unit of current; for equation 6 
is couched in terms of the ratios of cur¬ 
rents and the ratios of gmd and, there¬ 
fore, is expressed in terms of dimension¬ 
less quantities. 

An Illustrative Example 

To show the use of the equations 
derived in this paper, the solution of the 
following problem is illustrated. Con¬ 
sider a 3-conductor 3-phase bus, oriented 
as shown in Fig. 1, comprised of standard 
copper channels and having the dimen¬ 
sions: web a —4 inches; flange width/= 
1.75 inches; thickness /=0.2 inch; sepa¬ 
ration between channels c=1.25 inches; 
spacing between centers of conductors 
h =28 inches. Assume that the bus car¬ 
ries balanced 3-phase currents; though in 
view of the unbalanced coplanary geom- 



,-1 i-1 



etry of the bus of Fig. 1, the phase cur¬ 
rents will, of course, not be exactly bal¬ 
anced. However, calculation and ex¬ 
perimental measurement of the actual 
total current in each of the three phases of 
typical busses yield that the unbalance is 
very slight; therefore, the assumption of 
balanced phase currents is sufficiently 
accurate for present purposes. 

Thus 

1 1 =/ 26 - ^ 120 degrees ss/jgi 120 degrees 

Find the current division between the two 
channels of the outer conductor, carry¬ 
ing current J x . 

Simple calculation with the given di¬ 
mensions yields: w=3.8 inches; i/ = 1.65 
inches; e=4.55 inches; h 1£ =h i 3 — 28 
inches; hi3—56 inches; number of con¬ 
ductors r— 3; conductor of interest k—l. 
For this problem equation 6 becomes 

(In-h t )/h = ('t, Vi/I i)X 
\<-2 

log (Di t u//\og (Dii t n/Du t u) 

(ID 

Now, V/i^ 120 deKrees and I»/h^ 
€ -Ji 2 o degrees^ w jj ence on us i n g equation 7 

(7u —7l2)//l = 

(/so degrees tan -i ( u / 2 h n )+ 

e -im degrees tan-'(u/2hi a ))(2e/(2v+u)) 
log (D 11 , 12 /Du,n) 

( 12 ) 

Calculation of log (Ai.u/Ai.u) from 
equation 10 where 27= uje— 0.834 yields 
a value of 0.89 in agreement with the 
value to be obtained directly from the 
curve of Fig. 4. Substituting this value 
and the others indicated in equation 12 
and effecting the necessary computation 


Table I. Data for Fig. 4 


u/e log (D*i,*j/D*i,fti) 


0 1.387 

0.25.1.076 

0.50. 0.983 

1.0 .0.861 

2.0.0.677 

3.0.0.555 

4.0 .0.480 


gives 

(7n-/i2)//i = -0.0735+/0.0425 (13) 


Representing this ratio by the con¬ 
venient symbol R and recalling that 
7n+7i2=/ x , it is found that Iu/In— 
(1+2?)/(1 — R ); thus, by use of equation 
13 

In/In =(0.9265 +/0.0425)/( 1.0735 - 

70.0425) = 0.866* 4 ‘ 9 degrees ( 14 ) 

Finally, from equation 14 the desired 
ratio \ln/In\ of the effective values of 
the two currents is found to be 0.86. 
Thus, the outer channel carries somewhat 
less current than the inner channel. This 
is in general accord with the distribution 
found experimentally on a bus of the same 
general structure by Schurig, as men¬ 
tioned in the outset of the paper. 

Comparison of Calculated and 
Experimental Values 

In conclusion, and substantiative of the 
correctness of the analysis in general, the 
calculation of the current division in the 
outer conductor of the bus used in 
Schurig’s investigations is illustrated. 
This bus comprises a 3-phase aluminum- 
channel structure, as shown in Fig. 1: 
web a = 6 inches; flange width/= 2.157 
inches; web thickness 2=0.2 inch; cross 


Fig. 3 (left). Line segment 
approximation of conductor 
cross section / neglecting gap 


Fig. 4 (right). Graph of equa¬ 
tion 10 



November 1954 


Siegel , Higgins—Equations for Busses for Double- Channel Conductors 


491 

















Table II. Comparison of Calculated and Measured Values 



Iu/In 

Win 

WIsi Li/Iji 

Calculated.... 
Measured. 

-0.613 -17®.. 

-0.563 -22°.. 

...1.0 -56.7°_ 

..1.14 -63°. 

..1.63 —17°_0.613 17° 

..1.8 -8°.0.55 8° 


section of channel assembly forms a hollow 

square c+ 2f— a=6 inches; spacing be¬ 
tween adjacent centers of conductors h — 
12 inches; It —A g^pdegrees rw „ -,ii20degrees 

Simple calculation with these values 
yields: v — 1.939 inches; e=u-5 .563 
inches; c= 1.685 inches; h^—ihs 12 inches 
and ^ 13 =24 inches; r— 3; conductor of in¬ 
terest k—1. Substituting in equation 11 
and using equation 7 yields an expression 
identical with equation 12, except for the 
interchange of +120 degrees and —120 
degrees resulting from the opposite phase 
sequences of the two problems. Effect¬ 
ing computation with the present values 
as detailed between equations 12 and 13 
gives 

■R“(Zu—/m)/Ji«* — 0.246—JO. 138 (IS) 

Finally, from In/hi=(l+R)/(l-R) 
expressed in polar form, yields 

7ii/J 1 2==0.613«~* 17 de P-ees ( 16 ) 

Thus, as in the first illustrative prob¬ 
lem, the outer channel carries less current 
than the inner. It should be noted that 
the current in the former lags the latter, 
whereas in virtue of the reversed phase 
sequence the opposite is true in the first 
illustrative problem, as shown in the com¬ 
plex number ratio of equation 14. 

Confirmatively, the corresponding ratio 


as calculated from the experimental values 
measured by Schurig is 

In/In = 0 . 563 «~* h degrees ( 17 ) 

_ Considering the geometrical approxima¬ 
tions, the neglect of skin-effect, which has 
a finite though well-established 4 * 5 fitn qfl 
effect on the conductor inductances, the 
assumption of balanced phase currents, 
the neglect of phase resistance, and the 
usual degree of error to be expected in 
the experimental measurement of the 
large (slightly differing in phase) currents 
flowing in the two channels of a conductor, 
the calculated ratio of 0.613 and the ex¬ 
perimentally determined value of 0.563 
may be considered in fair agreement. 
Further, substantially the same degree 
of agreement between calculated and ex¬ 
perimentally determined values is to be 
found for the second and third Conduc¬ 
tors, as shown in Table II. This con¬ 
firms the possibility of a statement made 
in the authors’ closure to their previous 
paper, 1 that “in fact, if desired, these two 
currents (in the ch anne ls of a conductor) 
could be calculated rather closely by use 
of the theory given.” Hence, the theory 
given in this paper can be used, as illus¬ 
trated in the foregoing two examples, to 
calculate the distribution of currents 
among the two channels of a conductor 


with sufficient accuracy for purposes of 
bus design. 

In conclusion, it should be noted that 
neglect of the gap in a conductor, as so 
indicated in Fig. 3, enables approximate 
calculation of the distribution of current 
in the two halves of a conductor of a 3- 
phase coplanar bus comprised of square 
or rectangular hollow tubular conduc¬ 
tors—a geometry also much used in prac¬ 
tice. Such determination is, as with 
double channel conductors, of interest in 
regard to design as it enables a sufficiently 
satisfactory estimate of the average cur¬ 
rent density over the most heavily loaded 
portions of the two outer conductors of 
the bus. 
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JUNE 1, 1953, the Illinois Power 
Company's new power station near 
Hennepin, Ill., went into service, adding 
75,000 kw of generating capacity to its 
system. At the same time a 6-station 
112-mile microwave radio relay system 
between the Hennepin Station and the 
Power Company’s dispatching center in 
Decatur, Ill., officially began operation, 
providing over 1,300 circuit miles for tele¬ 
metering and remote control, and more 
than 400 channel miles for voice communi¬ 
cation. This radio system is leased by the 
Power Company from the Illinois Bell 

492 


Telephone Company which engineered, 
owns, and maintains it. 

The channels provided by this system 
are used to facilitate control of the Power 
Company’s system and co-ordinate its 
operation with neighboring utilities in the 
North Central part of its operating terri¬ 
tory. Sixteen telemeter and control 
channels are provided between various 
points either directly or via power-line 
carrier extensions. Four talking chan¬ 
nels are provided and some of these are 
extended by means of cable facilities. 
Fig. 1 shows the geographical location of 

Danser, Zilis—Private Microwave Radio 


Hazen, 


the system and its extensions, and Fig. 2 
is a diagram of the voice-frequency chan¬ 
nel arrangement and the circuits pro¬ 
vided. * 

It is the purpose of this paper to relate 
the joint experience of a power company 
and a telephone company in engineering 
and maintaining a microwave system and 
also to describe the salient features of this 
system. Some of the problems encoun¬ 
tered with emphasis on the propagation 
difficulties are discussed. The provision 
of telemetering channels over this system 
is treated in a separate section in which 
the effects of microwave operation on the 
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metering and load control system are also 
discussed. 

Genesis of System 

The Power Company foresaw the need 
for a large group of communications chan¬ 
nels north from its dispatching center at 
Decatur during the planning for the Hen¬ 
nepin station and the Company’s parti¬ 
cipation in the Illinois-Missouri Electric 
Power Pool which involved commitments 
to the Atomic Energy Commission. It 
was decided that a microwave system was 
the economical answer to the problem. 
Specifications for bids for the installation 
and maintenance of the proposed system 
were issued to the manufacturers and sup¬ 
pliers. The Telephone Company en¬ 
tered its bid for this system on the basis 
of the use of microwave because it was felt 
that it was the most economical facility 
consistent with the requirements in this 
case. The Telephone Company was the 
successful bidder, agreeing to lease the 
system to be used solely to provide chan¬ 
nels for the Power Company. The Power 
Company would be the radio licensee and 
operation would be on radio frequencies 
allocated for industrial radio services. 

System Engineering 

Features which were deemed desirable 
for the radio equipment to be used for this 
system were: reliability, simplicity, and a 
maximum capacity of 15 to 30 voice fre¬ 
quency channels. The light route nature 
of this system would not justify the use of 
normal Bell System radio relay equipment 
as used in heavy route long-haul service. 
The 6,800-megacyde equipment with 
complete radio-frequency (r-f) stand-by 
and 24 channel-type frequency-modulated 
frequency-division multiplex manufac¬ 
tured by the Motorola Company was 
selected for this system. A feature of this 
equipment which is pertinent to the fore¬ 
going requirements is worthy of mention. 
The r-f portion of the microwave trans¬ 
mitter contains only one electronic device. 
This is a relatively trouble-free klystron 
oscillator which is modulated by a simple 
voltage amplifier. 

The Power Company provides the radio 
station sites, except at Bloomington 
and Benson. The Decatur, Blooming¬ 
ton, Oglesby, and Hennepin stations 
are those involving telemetering points 
of utilization and their locations were 
chosen to be within 1/4 mile of these 
points. Buried cable or cable in conduit 
is used to extend the telemetering circuits 
from the microwave equipment. 

The Benson station location was the 
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only onemainly determined by radio prop¬ 
agation considerations. This station, 
whichissimply a microwave repeater, is lo¬ 
cated about halfway between the Oglesby 
and Bloomington stations, dividing the 
distance into two paths each roughly 30 
miles long. There did not seem to be any 
advantage, economic or otherwise, to use 
more than one repeater over this 60-mile 
distance. 

The tower heights were decided upon 
the basis of obtaining path clearances 
which were considered sufficient according 
to the best information available at the 
time. Earth profiles and field checks of 
the paths were made noting obstructions 
such as trees and man-made structures 
whose heights are not shown on topo¬ 
graphic maps. The minimum path clear¬ 
ances assuming true earth radius over all 
obstructions including trees were about 
1.1 first Fresnel zone except on the Hen- 
nepin-Oglesby and Benson-Bloomington 
paths. The former was engineered to 
have only 0.5 first Fresnel zone minimum 
clearance because of its short length. 
On the latter path it was assumed that 
trees causing a minimum clearance of 0.6 
first Fresnel zone would exhibit knife-edge 
characteristics, thereby providing satis¬ 
factory propagation. A subsequent study 
proved that this assumption was only par¬ 
tially correct. 

All antennas on this system use 40-inch 
parabaloids mounted directly over the r-f 
equipment and radiate toward and re¬ 
ceive from 45-degree reflectors mounted 
at the tower tops. The reflector sizes. 
range from 6 by 8 feet on the 150-foot 
tower to 10 by 15 feet on the 300-foot 
tower with 8 by 12 feet on the intermedi¬ 
ate height towers. The largest size re- 



FiS. 3 Guyed 300-foot tower at Oglesby 
microwave repeater with 10 by 15-foot re¬ 
flectors 


p- flectors are flat while the others are curved 
a, slightly. Guyed H-type steel towers are 

> used at the repeater points and self-sup- 

y porting steel towers are used at the ter- 
ie minals. The tower heights are shown in 
0 I* The Oglesby tower and its re- 

y flectors are shown in Fig. 3. 

e Tte P a tk losses including antenna gains 
e are about 60 decibels (db) on the Oglesby- 
Hennepin path and roughly 65 to 68 db on 
a the other paths. With a m aximum p er _ 
s missible path loss for successful telemeter- 

> in S circuit operation of 102 db, the fading 
' margins are about 43 db for the shortest 
f path and average about 36 db for the re- 
5 mainder. With these margins the ex¬ 
pected outage time due to multiple path 
fading only (Rayleigh distribution, neg¬ 
lecting the effects of changes in apparent 
earth radius or terrestrial reflections) 
would be about 0.12 per cent on 1-way 
impulse-type telemetering circuits be¬ 
tween Decatur and Hennepin during the 
worst fading months. 

The type of communications carried 
over this system dictated the use of fea¬ 
tures which would provide a high degree 
of reliability and stormproof operation. 
These features are r-f stand-by with auto¬ 
matic switchover, emergency power pro¬ 
visions, a comprehensive alarm system, 
and a patch channel. The r-f stand-by 
feature is used at every station while 
emergency power units are provided only 
at the repeater stations because the Power 
Company feels that the commercial power 
reliability is adequate at the terminal sta¬ 
tions. 

Two alarm systems are employed, one a 
coded alarm system which gives an indica¬ 
tion of various trouble conditions at in¬ 
dividual stations, and the other a loop 
alarm which gives an indication of a 
break in the video channel. These alarms 
terminate in the Telephone Company’s 
Decatur central office. 

A spare 2-way voice-frequency channel 
from Decatur to Hennepin with dropouts 
at Oglesby, Bloomington, and Clinton is 1 
included and maintained in readiness to 1 
be used to replace any one of the voice- 
frequency channels which may be in 
trouble or turned down for maintenance 
reasons. This channel is brought into 
service by patching it to the wire facilities 
ai a patching jack field through which all 
wire lines are connected at each station. 

The channel deriving subcarrier trans¬ 
mitters and receivers operate on 9 of the 
24 available channel assignments. The 
multipoint channels, both future and pres¬ 
ent, are assigned to the higher frequencies 
so that they are blocked by low-pass 
filters provided at the desired repeater 
points. This allows a channel to be drop- FI 


1 ped and reinserted at repeater stations. 
5 Tbe LaSalle interoffice, the party dis¬ 
patch, and the service and patch chan¬ 
nels, as shown in Fig. 2, are the multi¬ 
point lines of this system. 

Each talking channel including the 
party lines operates on a full duplex basis 
and is set up to provide a loss of 10 db be¬ 
tween any two switchboards or turrets 
and 16 db between any two telephones 
directly connected to the system. These 
telephones are of the 4-wire type. The 
voice channels including the cable exten¬ 
sions are mainly 4-wire with talk-back 
bridges used where bridged stations are in¬ 
volved. At the switchboards and turrets 
each voice channel is converted to 2-wire 
operation so that the channel is available 
to any telephone terminating on these 
units. 

The talking circuits are almost com¬ 
pletely protected against commercial 
power failures. All telephones directly 
connected to the system are of the local 
talking battery type and use push-button 
signalling with the source of signalling 
power located at the microwave station 
where reliable power is available. Each 
switchboard and turret is powered by 
batteries or is connected to a telephone 
central office battery supply. 

Microwave Equipment Description 

Two types of station installations are 
used. One type has all equipment except 

the antenna housed in a small metal 
building located at the base of the an¬ 
tenna tower as shown in Fig. 4. In the 
other type the r-f units are mounted in an 
enclosed weatherproof cabinet located 
adjacent to the tower and remote control 
equipment; power supplies and multi¬ 
plex equipment are located in a near-by 
building. 

The microwave transmitter consists of 
a klystron oscillator which is frequency- 
modulated by varying its repeller voltage 
with the output of a 2-tube 1-megacycle 
video amplifier. The receiver is of the 
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Fig. 5 (left). 
Main and stand¬ 
by r-f units of 
remotely con¬ 
trolled type 
showing wave¬ 
guide plumbing 
and klystrons of 
stand-by unit 


Fig. 6 (right). 
Technician ad¬ 
justing remote 
control type r-f 
unit 



superheterodyne type using a crystal 
mixer, klystron local oscillator, a 75- 
megacycle intermediate-frequency strip, 
and an automatic-frequency-control chas¬ 
sis. The transmitter and receiver with 
their associated wave-guide plumbing are 
contained in an insulated box as shown in 
Figs. 5 and 6. 

The multiplex equipment is of the fre¬ 
quency-division type and consists of sub¬ 
carrier frequency-modulated transmitters 
and receivers, voice terminal units, and 
the associated power supplies. At inter- 
mediatepoints, the party lines are dropped 
and reinserted by the use of hetero¬ 
dyne-type multiplex units which are 
equivalent to 3-way 4-wire bridges. 

Each microwave station has a coded 
alarm transmitter connected to the video 
bus transmitting toward Decatur. When 
an alarm condition exists a cam arrange¬ 
ment keys the transmitter output with a 
code indicating a particular emergency. 
At Decatur the alarm signals received at 
the microwave station are sent to the 
Telephone Company’s central office over 
an exchange cable pair. Here these sig¬ 
nals are applied to an alarm detector 
which sounds the alarm. R-f stand-by 
and emergency power operation and 
tower light failures are indicated by this 
alarm system. 

System Maintenance 

The system is maintained by routine 
and trouble visits to the stations. Rou¬ 
tine visits are made at intervals not ex¬ 
ceeding 2 weeks and the various routine 


checks are made at regular intervals 
varying from 2 weeks to 6 months. 

Centralized maintenance control has 
been established at the Decatur central 
office which is attended 24 hours a day. 
A toll testman assigned to the microwave 
system is informed of trouble conditions 
either from the alarm apparatus or from 
the Decatur repair service operator who 
obtains trouble reports by telephone calls 
from Power Company personnel. During 
trouble periods this testman dispatches 
maintenance technicians and communi¬ 
cates with them at the various microwave 
stations by means of the service chan¬ 
nel. 

Maintenance of the system is divided 
into three sections; each includes two ad¬ 
jacent stations. There are at least two 
maintenance men available in each sec¬ 
tion, one assigned for routine checks and 
either or both on call in case of system 
trouble. The maintenance technicians 
have had formal training in the operation 
and maintenance of the microwave equip¬ 
ment being used. In addition, these men 
maintain at least two of the following, 
microwave and wire television links, mo¬ 
bile radio service, telephone repeater and 
carrier equipment, and teletypewriter ap¬ 
paratus. 

Telemetering 

Operation of the Hennepin Generating 
Station together with the establishment of 
intersystem ties between the Illinois 
Power Company and neighboring com¬ 
pany networks at Oglesby, Kewanee, 


Gibson City, Peoria, and Powerton make 
necessary the provision of 12 telemeter 
channels from these locations to the Il¬ 
linois Power load dispatcher at North 
Decatur. In addition four channels are 
required from North Decatur to the Hen¬ 
nepin Station to transmit “raise” and 
“lower” governor control signals and 
“area” and “station” requirement indi¬ 
cations to the generating station. 

At the North Decatur dispatcher’s of¬ 
fice megawatt and megavar indications 
are received from Plennepin and each of 
the interchange points. Megawatt in¬ 
formation, as well as indications of system 
frequency, power interchange schedules, 
etc., are fed into a load control board 
which automatically integrates the in¬ 
formation and sends appropriate “raise” 
or “lower” signals to the Hennepin Gen¬ 
erating Station. 

Fig. 7 indicates the arrangement of 
these 16 channels on the microwave sys¬ 
tem. They are provided by audio-fre¬ 
quency carrier equipment 1 operating over 
three voice-frequency channels as shown 
in Fig. 2. Leeds and Northrup terminal 
equipment of both the impulse-duration 
and continuous types is used. Impulse- 
duration type equipment is used between 
Decatur and the Hennepin Station. The 
continuous type is used for transmission 
of megawatt information from the inter¬ 
change points, while the impulse-duration 
type transmits the megavar information. 

Interruption of a telemeter channel re¬ 
sults in a departure of the recording pen 
of the telemeter receiver from the correct 
indication on the chart. When the inter- 
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Fig. 7. Telemeter channel arrangement 


mption is due to fading, as might be the 
case in channel operation over micro- 
wave, the attendant noise in the receiver 
is usually high enough to drive the re¬ 
cording pen erratically across the chart. 
This erratic operation often results in 
tearing of the chart or breaking of the pen. 
Further, if the interrupted channel is one 
which provides information to the load 
control board, departure of the recorder 
indication to positions outside preset 
limits trips the board from automatic to 
manual operation. To return to auto¬ 
matic control the operator must remove 
the channel from the board and change a 
miscellaneous input setting by an amount 
equal to the last correct indication re¬ 
ceived over the interrupted chann el. 

While fading outages can be minimized 
by provision of adequate fading margins 
in the microwave system, it does not ap¬ 
pear economically feasible at present to 
reduce them to the point where disturb¬ 
ances in the control board operation will 


be of no consequence. Experience indi¬ 
cates that fading occurs to interrupt the 
telemetering signals continuously for only 
a short time, usually in the order of 
seconds and rarely for more than a few 
minutes. While intermittent channel in¬ 
terruptions may continue for several 
hours during periods of severe fading, the 
telemetering signal is re-established fre¬ 
quently enough to provide a useful indi¬ 
cation of the metered quantity. 

To avoid the difficulties discussed in the 
foregoing, four differential-type squelch 
units have been incorporated with the 
audio-frequency carrier equipment. These 
are shown in Fig. 7. The operation of 
these units has been discussed elsewhere. 1 
Squelch arrangements provided with the 
voice-frequency channels over which the 
audio carrier channels operate have been 
disabled, since they cannot be adjusted 
for the low signal-to-noise ratio conditions 
under which satisfactory telemeter signal 
reception can be maintained. 
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The four differential squelch units pro¬ 
vide contact arrangements for use with 
auxiliary equipment added to the tele¬ 
meter recorders to de-energize the pen 
motors during squelch operation and to 
re-energize them after the channels have 
been unsquelched and one or two complete 
telemeter signal cycles received. This ar¬ 
rangement permits the telemeter recorder 
pen to remain at the last correct indicat¬ 
ing position during the channel outage 
and overcomes the problem of tom charts 
and broken pens. While the squelch 
operation brings in an alarm at the dis¬ 
patcher’s office, the load control board 
need not be tripped to manual control im¬ 
mediately. Wide and rapid variations of 
conditions in the operation of a power 
system are not usual and the loss of infor¬ 
mation during the short periods of com¬ 
plete fading outage, which would nor¬ 
mally be expected, should not be objec¬ 
tionable. Studies are now in progress to 
determine how long the control board 
should be permitted to continue on auto¬ 
matic operation after the loss of teleme¬ 
tered information. 

As mentioned previously, a "loop 
alarm” arrangement has been established 
by the use of an additional telemeter chan¬ 
nel and auxiliary contacts on two of the 
squelch units. This alarm supplements 
the coded alarm system and indicates a 
break in the video channel in either direc¬ 
tion along the microwave route, a condi¬ 
tion which the coded alarm system fails to 
indicate. Such a break could result from 
failure of emergency power, automatic 
switchover, or r-f stand-by equipment. 
Interruption of the video channel toward 
Hennepin operates the differential squelch 
at Hennepin. Indication of this operation 
is transmitted back to Decatur over the 
additional telemeter channel. Similarly 
interruption of the video channe l in the 
Decatur direction operates the differen¬ 
tial squelch at Decatur associated with 
the Hennepin-Decatur telemeter chan¬ 
nels. Indication of the operation of either 
squelch unit is provided to the Decatur 
central office over cable facilities to ini¬ 
tiate an alarm when a continuous squelch 
condition persists longer than 2 minutes. 

System Performance 

The performance of the system gener¬ 
ally has been satisfactory. While some 
outages occurred because of radio propa¬ 
gation difficulties, the availability of the 
system for telemetering over its full 
length has been in the order of 99.6 per 
cent. Fading affects telemetering chan¬ 
nel performance in a positive maimer, but 
does not cause serious trouble on the voice 
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circuits due to the fact that a great part 
of the fading occurs during hours when 
these circuits are not in use. The r-f 
equipment has been particularly reliable 
because of the stand-by feature. 

To obtain data on system performance, 
the Telephone Company engineering de¬ 
partment conducted a 4-month study of 
the continuity of service shortly after the 
system was put into service. This con¬ 
sisted of an analysis of continuous re¬ 
cordings of signal strength on several of 
the r-f paths and of the Power Company’s 
telemetering charts which at the time gave 
an indication of fading outages. The re¬ 
sults indicated that the video channel was 
continuous and in suitable condition for 
proper telemetering transmission from 
Hennepin to Decatur for about 99.6 per 
cent of the study time. This represents an 
average outage time of about 5 minutes 
per day. Since this study was not com¬ 
pletely comprehensive the following 
breakdown of the outages is not highly 
accurate. The conditions responsible and 
the percentage outage time during the 
study (7-20-53 to 11-20-53) were as fol¬ 
lows. 

Radio signal fading, 0.2 per cent 
Equipment failures, 0.05 per cent 
Emergency power failures, 0.04 per cent 
Maintenance and engineering tests, 0.1 

per cent 

A breakdown of the fading outages in 
this study indicated that the outages on 
the Bensou-Bloomington and the Oglesby- 
Benson paths were in excess of the values 
expected from pure multipath fading. 
The outage time on the Oglesby-Benson 
path was over twice this expectation and 
was about half the system fading outage 
time. The Benson-Blooniington path 
fading outages were about 50 per cent 
over the multipath expectation. 

In general the seasonal and diurnal 
variations of fading observed in the study 
were similar to those observed in prop¬ 


agation tests by Durkee, 2 a seasonal 
maximum occurring during the summer 
and daily minimum fading around the 
noon hour. Very few outages due to 
fading occurred during the colder parts of 
the year. 

An examination of the character of the 
signal strength recordings in the foregoing 
indicated that the fading was of well- 
known types which have been described 
elsewhere. 3 These types occurred indi¬ 
vidually or in combination. There was 
the multiple path type which consisted of 
relatively rapid variations of signal 
strength with the total time of excursions 
from maximum to minimum in the order 
of seconds and minutes. In addition there 
were large depressions of the average sig¬ 
nal lasting as long as several hours in the 
early morning during the late summer and 
early autumn. These were attributed to 
inverse bending which resulted from con¬ 
ditions associated with ground fog of the 
radiation type. The recording in Fig. 8 
shows a severe depression of the signal 
strength between 3 a.m. and 6 a.m. be¬ 
lieved to have been caused by inverse 
bending. 

The fading outages were intermittent 
and usually short, but a number of them 
were of 1 or 2 minutes’ duration. There 
were a few that lasted as long as 5 minutes 
but outages longer than this were rare. 
Most of the outages over 1 minute long 
occurred during periods when inverse 
bending was suspected. 

During the course of the study just 
mentioned, due to the fact that some in¬ 
dividual path outage times were higher 
than expected, a detailed recheck of the 
clearances on all but the Hennepin- 
Oglesby path was made. On the two 
longest “hops” the exact location of the 
paths over the critical portions of their 
lengths was determined by surveying 
methods using the microwave tower 
beacon lights as base points. 


On the Benson-Bloomington path this 
survey revealed that removal of a group 
of eight trees, some of which were 65 feet 
high, would increase the minimum clear¬ 
ance on this path by about 0.5 first Fres¬ 
nel zone. The trees were removed leaving 
this path with a minimum vertical clear¬ 
ance of 1.1 first Fresnel zone assuming 
true earth radius. A study of the signal 
strength recordings indicated that during 
periods when inverse bending was sus¬ 
pected these trees caused a grazing con¬ 
dition which resulted in an average signal 
depression of 10 db or more. Since the 
trees were removed late in October 1953, 
the expected results will not be apparent 
until summer fading resumes. 

The survey also revealed that assuming 
an effective earth radius K equal to 2/3 
the Oglesby-Benson path has a number of 
points of minimum clearance in the order 
of 0.2 to 0.3 first Fresnel zone extending 
over a distance of about 10 miles. It is 
believed that this is a marginal condition 
and is the cause of deep fading during 
periods of inverse bending. The possi¬ 
bility of a moderate reflection from the 
earth on this path was also indicated. 
A discussion of some of the theoretical 
concepts involved in this paragraph is 
contained in a paper by R. D. Campbell. 4 

A new series of continuous recordings 
using five Esterline Angus recorders was 
started on February 1, 1954. These will 
be used to obtain further data on system 
performance. The signal level is being 
recorded on all but the shortest path. 
Differential squelch relay operations on 
the Hennepin to Decatur and Blooming¬ 
ton to Decatur telemetering channels are 
also being recorded. 

The performance of the klystron oscil¬ 
lators has been good; during the first 6 
months of operation there were only 
three “in service” failures and these were 
adequately cared for by switchover to the 
stand-by equipment. There have been a 




Fig. 8. Oglesby-Benson path microwave signal strength recording showing severe fading 
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number of cases of automatic switchover 
to the r-f stand-by where no trouble was 
found in the main unit. It is felt that 
part of these was due to intermittent 
troubles and part to faulty sensing system 
operation or adjustment. In the multi¬ 
plex equipment tube failures and faulty 
wiring have been the main sources of 
trouble. In the first 6 months of opera¬ 
tion, about 35 tubes of the 700 odd in the 
equipment were replaced due to in service 
failure or suspected failure (more were 
removed during installation, precut-over 
tests, and routine maintenance checks). 

Experience with the emergency power 
equipment has been satisfactory. The 
few troubles which were encountered have 
been successfully remedied. It was found 
that most of the commercial power in¬ 
terruptions were of short duration, several 
occurring a few minutes apart during 
storm periods. To avoid having the 
microwave equipment go through a 
warm-up cycle with each of these inter¬ 
ruptions, the emergency power unit is set 
to run for about 15 minutes after the last 
interruption. 

The noise on the voice channels of the 
system is somewhat higher than the 
objective for channels connected into the 
Bell System toll network, but is satisfac¬ 
tory in this case. The noise averages 40 
db adjusted on the party lines and 35 db 
adjusted on the 2-point circuits as meas¬ 
ured on a 2B noise measuring set with 


F1A weighting and referred to the zero- 
db-below-l-milliwatt level. These figures 
represent a signal-to-noise ratio of about 
45 db. 

Plans for the Future 

At present it appears that the fading 
effects should be reduced to a point where 
continuous interruptions of telemetering 
information over 1 minute in duration oc¬ 
cur very infrequently. On this basis, im¬ 
provement of the Oglesby-Benson path 
propagation is indicated. It is believed 
that the path requires a greater fading 
margin to overcome the effects of the mar¬ 
ginal conditions previously mentioned. 
This is to be accomplished by increasing 
the antenna system gain at Oglesby by 
the use of a larger (6-foot diameter) ver¬ 
tically directed parabolic antenna. This 
is expected to result in a 3-db increase in 
the fading margin and should reduce the 
outage time on the path to about one-half 
of what it would be otherwise. In addi¬ 
tion, it is planned to explore fully the use 
of the differential squelch and associated 
circuits to overcome fading effects in 
connection with the operation of the load 
control equipment. 

Conclusion 

. operation of this system to da te in¬ 
dicates that 6,800-megacycle radio relay 


can be satisfactorily employed to provide 
private communications for power com¬ 
panies. Proper design of such systems re¬ 
quires care in selection of paths and an¬ 
tenna heights to avoid such difficulties as 
strong terrestrial reflections and improper 
clearances under most meteorological con¬ 
ditions. A fading margin consistent with 
the desired reliability must be provided. 
Squelch circuits may be employed to pro¬ 
tect telemetering channels during short 
interruptions. The use of stand-by equip¬ 
ment with automatic switchover, emer¬ 
gency power equipment, and an adequate 
maintenance scheme are features which 
can be valuable aids in increasing system 
availability. 
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Simplified Transmission Engineering 
in Exchange Cable Plant Design 
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IMPROVEMENT in telephone sets has 
■ been responsible for significant ad¬ 
vances in the transmission art over the 
years and has always been an important 
part of the development program. The 
recent introduction of an improved tele¬ 
phone set known as the 500-type set has 
probably had greater effect on the meth¬ 
ods of designing exchange cable plant than 
any other set produced since the early 
1920 s. Even though improvement had 
been large in previous sets, transmission 
was, in general, the controlling factor in 
c design of subscriber cable and for more 
than 25 years the general design methods 
had not been greatly changed. In fact, 
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until very recently, principles in use as 
early as 1928* were still being applied. 

This paper will show how the trans¬ 
mission advantages of the new 500-type 
set have been applied to simplify engineer¬ 
ing procedures for subscriber cable design, 
will describe what the economic stakes 
are, and give details covering the basic 
procedures of the new method known as 
resistance design,” as opposed to the 
term “transmission design” which is ap¬ 
plied to the older method. Only sub¬ 
scriber lines,, or as they are called sub¬ 
scriber loops, will be considered here 
since the combination of the 500 set in 
the subscriber plant and relatively inex¬ 


pensive repeaters 2 in the trunk plant have 
made it practical to design loops and 
trunks independently. 


The 500-Type Set—Transmission 
Description 


The new 500-type telephone set has 
been described in detail as to construction 
and performance. 3 From a transmission 
viewpoint it is about 5 decibels more effi¬ 
cient than its predecessor the 302-type set 
in both the transmitting and receiving 
directions. Since the 302-type set on 
short loops already had about as much 
volume as the plant could accommodate 
from a cross-talk standpoint, it was 
necessary to build into the new set a net- 
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Fig. 1 Maximum 
lengths of each gauge, 
loaded and non loaded, 
which can be used with 
500-type set and 302- 
type set calculated for 
same value of transmis¬ 
sion loss 


work which controlled the increased effi¬ 
ciency from little or none on extremely 
short lines to the maximum on the longer 
lines. 

For many years, plant design has been 
based on the older 302-type telephone set 
and its capabilities are generally well 
understood. In Fig. 1, for a typical value 
of loop transmission, the comparable per¬ 
formances of the 500- and 302-type sets 
are shown in terms of the permissible 
lengths of each of the wire gauges stand¬ 
ardized for use in loop plant. The ad¬ 
vantages of the 500-type set become im¬ 
mediately evident by a study of this very 
simple chart which indicates the follow¬ 
ing. 

1. The 500-type set on any gauge outper¬ 
forms the 302-type set on the next coarser 
gauge. 

2. With the 500-type set, conductor re¬ 
sistance ranges of central offices, set by 
supervision and pulsing limitations, control 
the permissible length of any gauge. 

3. Transmission somewhat better than the 
typical limiting values formerly used with 
the 302-type set can be provided by the 500- 
type set even though the conductor resis¬ 
tances were extended to at least 1,500 ohms 
in the latter case. 

This last fact indicated that, to obtain 
full benefit from the new set, central 
offices having the lower values of con¬ 
ductor resistance range would require 
range extensions. Consequently, steps 
were immediately taken to provide ways 
and means of extending these ranges, 
e.g., from around 900 ohms up to about 
1,300 ohms in one of the most commonly 
used types of central office. The possi¬ 
bilities of further extensions in both puls¬ 
ing and supervision ranges is under study. 

Past Design Practices—Meeting 
the Decibel Limit 

In the past, it was the practice in de¬ 
sign to assign a transmission value known 
as a “loop limit” to each operating center. 
The loop limit was the maximum permis¬ 
sible loss for any loop in the office and 


was a grade of transmission which it was 
expected would be obtained only on a 
small percentage of the loops. The loop 
limits were determined by economic stud¬ 
ies balancing the costs of loops and 
trunks for certain over-all transmission 
losses from subscriber to subscriber. 
These studies involved a process of suc¬ 
cessive approximations and were rather 
time-consuming since some exchange 
areas might include up to 30 or more op¬ 
erating centers. Trial loop limits had to 
be set for each center and trunk and loop 
cable plant priced out for these condi¬ 
tions, a new set of limits used and a new 
cost obtained until, by this cut-and-try 
process, the most economical combina¬ 
tion was obtained. 

In addition to setting the loop limit, 
the cut-and-try procedure was also re¬ 
quired in the design of individual loops to 
stay within the limit. It meant taking 
into account such items as line loss, loop 
loading, bridged cable losses, terminal 
reflections, set efficiencies, and even exist¬ 
ing over- or undergauged plant before final 
choice of cable gauge on any one project 
could be made. All of these factors had 
to be evaluated directly in terms of deci¬ 
bels and then juggled so that the total loss 
stayed within the loop limit. In some 
cases, the gauge required in the feeder 
cable would depend to a considerable ex¬ 
tent on the length of bridged distribution 
cable as well as on the over-all length of 
the loop. 

Such a complex situation encouraged 
the designing of cable plant to meet a 
particular set of short-lived circ ums tances 
rather than a long range over-all plan. 
With enough experience, it was of course 
possible to produce good cable designs, 
and it was not unusual in an area to care¬ 
fully train one man or a small group of 
men to do the transmission portion of de¬ 
signs rather than to try to give all the field 
engineers the knowledge they needed to 
do the job. This not only created an air 
of mystery and distrust of the decibel 
but made for bottlenecks because of the 


difficulty of arriving at an agreement on 
the final design. A common measuring 
stick was hard to find. 

Resistance Design—The 
Simplification of Design Methods 

Resistance design made possible by the 
500-type set applies a few very simple 
guides. 

1. Select the most economical gauge or 
combination of gauges permitted by the 
conductor resistance range of the central 
office. 

2. Use 500-type sets where needed. 

3. Apply line loading to all loops which ex¬ 
tend beyond a selected distance, usually 
about 18 kilofeet (kf), using as many points 
of loading as possible with consideration for 
correct load spacings. 

4. Limit the length of bridged cable in 
total to about 6 kf. 

With resistance design, the engineer 
deals with ohms which are easier to handle 
than decibels in view of the number of 
interrelated transmission items involved. 
The choice of gauge depends only on the 
total cable resistance and can be done on a 
cable route basis. The method provides a 
common measuring stick for all engineers 
and rechecking is easily accomplished. 
Intimate knowledge of the transmission 
art is not required, yet the procedures, if 
followed, will assure that the transmis¬ 
sion results will be good. Since the design 
involves only physical quantities of cable, 
i.e., gauge and length, it can be com¬ 
pleted by the field engineer who is most 
familiar with the field conditions, and the 
transmission engineer is allowed to spend 
his time on projects where his particular 
training may be used to better advan¬ 
tage. 

In addition, the gauge of cable placed 
in the loop plant automatically will be 
the cheapest for the permissible conductor 
resistance range and the resulting trans¬ 
mission, using 500-type sets and loop 
loading as specified, will be better on the 
average than that obtained under the pre¬ 
vious complex procedure using the 302- 
type set. In fact, instead of the construc¬ 
tion being a result of a limit, the limit is 
the result of the construction. This has 
given rise to the term “natural loop 
limit,” a maximum value of transmission 
dependent on the signaling limitations 
and maximum loop length of the central 
office. 

Evaluation of the New Design 
Method 

While the resistance design method is 
simple, it had to be worked out. Nor 
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Fig. 2 (left). Typical loop length 
distributions 



LOOP LENGTH — KILOFEET 


Fig. 3 (right). Loop transmission 
loss distributions 



LOSS tdb«) RELATIVE TO TRANSMISSION ON 
LOOP OF ZERO LENGTH WITH 302 SET 


was it self-evident in the beginning that 
it would produce greater savings than 
more complex methods of design giving 
about the same over-all transmission re¬ 
sults. These things had to be evaluated, 
at least roughly. How this was done, 
and is still being done in specific studies, 
is outlined in the following. 

With the large number of loops, the 
variation in cable arrangements and the 
many office area configurations, the 
evaluation of the effects of the 500-type 
set and the new design method required a 
statistical approach. The study of loop 
length distributions is of primary impor¬ 
tance since they are basic to the transmis¬ 
sion provided and to the amount of cable 
required in an area. 

A large amount of data have been col¬ 
lected to determine the nature of loop 
length distributions as found in the plant. 
These curves fall into rather general pat¬ 
terns. However, the maximum line 
length varies considerably since there is 
no uniformity in size of central office 
areas, largely because of varying tele¬ 
phone and population concentrations. In 

some densely populated areas, the maxi¬ 
mum length of loop is as low as 10 kf, in 
others it may be as long as 35 kf. In 
rural areas, the lengths are even greater. 
In Fig. 2, for example, the curves show 
the general shape of the distributions 
fitted to a maximum length of 30 kf. A 
and C define the extremes of the distribu- 


Table I. Comparison of Gauge Distribution. 
Typical 302-Type Set Versus 1,200-Ohm 
500-Type Set Design 


Percentage of Gauge Required 

tv With 

Distribution A B C 

Set 302 500 302 500 302 500 


.92.. .07,. .59.. .80.. .35.. .47 

2 * gau * e . 5... 2...21... 17... 12...29 

??•“**. 2... 1...17... 3...33...24 

19 gauge. 1. 3 20 

Million conductor 
feet per 1,000 

. 10 — 20 • • • 30 

Tons of copper 

per 1,000 lines, 

approximately.. 5... 4.. .15.. .10.. .37.. .21 


tions found, and B is the weighted aver¬ 
age. As an indication of how the charac¬ 
ter of these distributions affect the 
amount of cable needed, the million con¬ 
ductor feet of cable required per 1,000 
lines, assuming 100-per-cent efficiency, 
for each case is shown. 

Provision of Better Transmission 

Using the distribution B of Fig. 2 as 
basic data, the gauge for each loop may 
be determined and the loss calculated 
under each design method. The result¬ 
ing loop loss distributions are shown in 
Fig. 3. As can be seen, the 500-type set 
with resistance design will provide equal 
maximum and decidedly better average 
transmission than the 302-type set with 
transmission design. Detailed explana¬ 
tion of gauge determination using resist¬ 
ance design is given in the Appendix. 

In the latter case, the practice of trying 
to keep within a limit has caused the loss 
distribution to be skewed, increasing the 
percentage of lines at or near the maxi¬ 
mum. As indicated previously, this is not 
desirable from a transmission standpoint 
and is avoided under resistance design 
primarily through the more liberal treat¬ 
ment of loop loading. This design calls 
for the installation of the maximum prac¬ 
ticable number of load points and sets 
up a definite kf-distance limit for non- 
loaded loops rather than using a decibel 
limit. As a result, most of the loaded 
loops will be somewhat better than limit¬ 
ing and transmission distribution with a 
better average is produced. In the long 
run, this loading plan with the 500-type 
set will not require any more coils than 
the 302-type set under the old plan, par¬ 
ticularly if the requirements of the old 
plan are considered in the light of the re¬ 
cent extension in conductor resistance 
ranges. 

Continued Use of 302-Type Sets 

There are some 30 million 302-type sets 
already in service and it is obvious that 
for economic reasons these cannot be dis¬ 


carded especially as they will provide 
satisfactory transmission service on a 
large proportion of the loops for many 
years to come. Also, the transition, in 
termsof gauge changes, will be a slowproc- 
ess as work is not done every year on every 
loop and only in those cases where actual 
gauge changes are made will the 500-type 
set be a definite requirement. With both 
sets integrated into the design, it is esti¬ 
mated that over the next 5 to 10 years 
the distribution of loop loss may approach 
the dotted curve shown in Fig. 3. 

The Treatment of Bridged Cable 

The effects of bridged distribution 
cable has been excluded in these curves. 
In actual plant, the length of these 
bridged taps varies greatly with distance 
from the central office and their effects on 
transmission are a function of their 
length, gauge, and location. For general 
use, it has been customary to assume a 
fixed loss for each 1,000 feet of tap and the 
effects of several short lengths are lumped 
into one tap whose length is the total of 
all the short ones. This approximation 
involves only a small error and is ade¬ 
quate for loop design purposes. Stud¬ 
ies of bridged tap length per loop show 
that more than 90 per cent are less than 6 
kf in length with the average about 2 kf. 
Consequently, the 6,000-foot limitation 
on bridged taps is not expected to be a 
hardship. At any rate, the distributional 
effect of bridged taps will' be to increase 
the average loss by approximately 0.5 
decibel and the maximum loss by 1.5 
decibels. 

Significance of Copper Savings 

An indication of the relative copper 
economies permitted by the 500-type set 
can be obtained by determining the total 
conductor feet of each gauge of cable re¬ 
quired per 1,000 lines, for the distribu¬ 
tions shown in Fig. 2, on two bases, 
“Transmission Design” for a typical loop 
limit and “Resistance Design” for a 1,200- 
ohm office. Table I is a tabulation of the 
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results. Note that the advantage accru¬ 
ing from the 500-type set increases as the 
distribution changes from A to C of Fig. 2. 
Within the 30-kf maximum line length 
shown, no 19 gauge is required with the 
new set. There are substantial reduc¬ 
tions, ranging from 25 to 45 per cent in 
the tons of copper required, which is a 
decided economic advantage for the 500- 
type set. A practical result of the applica¬ 
tion of the 500-type set has been a de¬ 
crease of about 0.1 ton of copper per 
million conductor feet of cable shipped 
since the 500-type set was first introduced 
in late 1949. In a typical year, this would 
be equivalent to some 4,000 tons of copper 
saved. 

Summary 

The preceding discussion has shown 
that, with the 500-type set, conductor re¬ 
sistance range extensions, and the applica¬ 
tion of resistance design, a threefold ad¬ 
vantage is obtained. 

1. Engineering is simplified and time is 
saved. 

2. Better transmission is provided. 

3. Important economies result. 

There are many sides to this subject 
which are beyond the scope of this paper 
such as the modification necessary in rural 
areas having substantial open-wire de¬ 
velopment, and the zoning plans to insure 
that the new sets are directed to the loops 
where they will do the most good. The 
discussion has touched only the high spots 


susceptible to generalization and which 
indicate the fundamentals of the job. 

Appendix. Use of Design Chart 
for Gauge Selection 

Basis of Gauge Selection. 

Under the section entitled "Resistance 
Design,” the length of the loop and the con¬ 
ductor resistance range of the central office 


determine the cable gauge or gauges selec¬ 
ted. A 2-gauge combination such as 26 and 
24, 24 and 22, or 22 and 19 will generally be 
used. Under certain conditions, e.g., con¬ 
duit congestion on a portion of the route, 
three gauges might prove more expedient. 
This can be cared for easily in the design 
since the length of the third gauge is 
usually well defined. Having two gauges, 
a total length and a total permissible resist¬ 
ance, simultaneous equations could be set 
up and solved to provide answers as to the 
length of each gauge which could be used. 
For ease in engineering, a graphical means of 
solving these equations can be used and 
may be devised to cover the possible range 
of gauges and length of loops. 

The Design Sheet—An Aid to 
Engineering 

A work sheet has been developed whereby 
the correct theoretical gauges can be readily 
determined and on which the engineer can 
complete his design as well as show all 
pertinent details. Fig. 4 is a typical sheet. 
The resistance of each gauge is plotted 
against length and shown in the heavy lines. 
To find the theoretical gauge combination 
for any resistance value and distance, 
simply draw a line from the intersection of 
these two values parallel to the adjacent 
coarser gauge back toward the origin. The 
intersection of this line with the adjacent 
finer gauge line determines the length 
allowed for the finer gauge. The line AB 
in Fig. 4 makes the solution for 1,200 ohms 
and 28 kf. The theoretical solution can be 
drawn as a single line diagram in the block 
provided at the top of the work sheet. 

In actual plant, these theoretical solutions 
are seldom achieved because of a lack of 
convenient splicing locations, reuse of 
existing cable gauges, and conduit condi¬ 
tions. The simple single-gauge or 2-gauge 
combination does provide a basic plan for 



Fig. 5. Graphical solution of typical problem in design 
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the route, however, and additions or re 
placement may be easily fitted into th 
fundamental plan. 

Solution of Example Problem for 
Cable Relief 

In this problem the details on which th< 
design is based are as follows: 

- }: ,^ e existin S cable run is made up oi 
S kf of 24 gauge, 15 kf of 22 gauge, and 8 Id 
of 19 gauge for a total line length of 28 kf. 

and 20 kf 1S t0 be replaced between 10 

3 ; , Th ^ co ? ductor resistance range of the 
central office is 1,200 ohms. 

^4. Loop-loading will be used beyond 18 


a contour of a particular transmission value 
determined to be the point at which the 
service demands require immediate change 
from the older set to the new. On all loops 
served by this cable beyond the line XY, 
16 kf in this example, all existing 302-type 
sets must be replaced with 500-type sets in 
connection with construction work. 

The engineer can through study of this 
work sheet, find other ways to make use of 
its visual design picture. The time taken 
for the gauge choice is actually shorter tha n 
it takes to tell about it. Several routes to 
serve an area may be explored and the best 
for all conditions chosen. The design for 
this one project actually sets up the plan 
for the entire route and can be referred to on 
any future relief project. 


As described previously, the theoretics 
solution for 1,200 ohms and 28 kf is made b 
drawing in the line AB and the theoretic* 
design is indicated in the proper block at th 
top of the work sheet. The existing cabl 
pla,n can be laid out gauge by gauge on th 
work sheet and is the lin 
OCDBF. This is done by drawing line 
parallel to the proper gauge line at th 
proper kf-distances starting from the origin 
In the relief section, the gauges to be usee 
are determined from the parallel theoretica 
design, as shown in Pig. 5. The result i- 
plotted as the fine DB’ E'. The point F 
shows the effects of the proposed cable or 
the point F. This can all be summarized ir 
single-line diagram form at the top of the 
work sheet. Thus, the cable gauges for the 
replacement cable are chosen so that they 
will fit into the ultimate design for the entire 
run. As indicated here, no advantage is 
taken of overgauged existing cable plant 
since this may require future expensive re¬ 
arrangements, or continuation of over- 
gauged plant in cables containing larger 
numbers of pairs. Even replacement of 
this cable when future work is done in some 
other section of the route might be required. 
Thus, the route is developed in an orderly 
sequence. 


As previously stated, for reasons of 
economy, both types of telephone sets must 
be integrated into the design. This is the 
reason for the line XY in Fig. 5. Rather 
than compute a particular loss and change 
from the 302-type set to the 500-type set at 
this value, a set change line has been placed 
across the resistance lines. This is actually 
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Discussion 


J. M. Moss and P. R. Ferguson (Pacific 
Telephone and Telegraph Company, San 
Francisco, Calif.): Several years of experi¬ 
ence with the resistance design method as 
described by Mr. Bogan and Mr. Young, 
m a very large operating area with great 
diversity of telephone distribution plant, has 
proved the high value of these techniques. 
Notable are the. saving in field engineering 
time, the.saving in outside plant investment, 
and the improvement in average transmis¬ 
sion in the areas affected. 

The first significant saving appears in the 
engineering time required to design and lay 
out loop plant. The old method of design¬ 
ing to transmission limits required laborious 
and time-consuming cut-and-try methods 
to zero in" the limit. Each new job, even 
on the same feeder route, required the same 
treatment. Contrasted with this, the resist¬ 
ance design method requires only that the 


design loop length (determined from imme¬ 
diate and forecasted line requirements and 
local geographical situations) and central 
office supervisory range be known. This 
sets up a fundamental plan for the duration 
v i. j 6 s * ud y period. When once estab¬ 
lished, each succeeding job is readily fitted 
to the basic design; no restudy is generally 
required as long as the growth pattern fol¬ 
lows the forecast. The solution is accom¬ 
plished graphically, quickly, and easily 
With the design so established, the local 
plant engineer can quickly pick up the plan 
and carry it on with very little review. 

The second tangible saving occurs in in¬ 
vestment in cable and wire plant. Under 
the limiting loop plan, generally heavier 
gauged cables were placed to meet an as¬ 
signed loop limit expressed in decibels. 
Supervisory range considerations were sec¬ 
ondary and usually presented no problem as 
cables were generally overgauged in this 
respect. The advent of the 500 set coupled 
with extended central office ranges offered 
excellent opportunity to reduce cable gauges 
and to simplify design to 2-gauge combi¬ 
nations with resultant copper saving. This 
saving was also reflected in a reduction of 
heavy messenger and guy strand require¬ 
ments and an increased usage of 109 steel 
wire where much copper-steel and even cop¬ 
per wire had formerly been required. 

Transmission improvement has resulted 
due to the application of 500 type sets and 
full loop loading, particularly in areas from 
3 to 5 miles from the central office. These 
are the areas where most of the large sub¬ 
division development is taking place. It is 
estimated at this time with both 302- and 
500-type sets in plant that about 25 per cent 
of the loops will show transmission improve¬ 
ments of 2 to 3 decibels. Considerable re¬ 
duction in the number of customers receiv¬ 
ing limiting transmission has also resulted. 

In conclusion, the following immediate 
benefits are apparent: 

1. Field engineers are enthusiastic over 
the plan and have so indicated by whole¬ 
hearted acceptance of its principles. 

2. Administrative and investment costs 
are being reduced and will probably continue 
to show savings as the plan becomes more 
firmly established. 

3. Transmission improvement has re¬ 
sulted with fewer transmission complaints 
on exchange loops which require individ ual 
study. 
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Considerations for Development of New 
Military Carrier Telephone Systems 

R. S. BOYKIN J. H. JOHNSTON S. D. BEDROSIAN 

NONMEMBER AIEE NONMEMBER AIEE NONMEMBER AIEE 


E XPERIENCE gained by the Signal 
Corps during World War II and the 
ensuing experimental period formed the 
basis for development of the new military 
4-channel and 12-channel carrier tele¬ 
phone systems. The heavy, stopgap 
equipments of World War II while giving 
reliable service were found to be far from 
ideal for military use. Experimental 
work established the considerations which 
now govern military carrier telephone de¬ 
sign. 

The trend to high-speed warfare dic¬ 
tated the expansion and increased flexi¬ 
bility of military carrier telephone net¬ 
works. The 4-channel system of the 
past has become inadequate for major 
routes. These routes will be covered by 
the new 12-channel system. The new 4- 
channel system will form the forward arms 
of the carrier network. The result will 
be faster and more efficient service over 
greater distances than heretofore possible 
in military operations. These systems 
have introduced military carrier tele¬ 
phone service to the type previously 
obtainable only by more complex com¬ 
mercial systems. This has been done 
with due regard for economy of manufac¬ 
ture, simplicity of operation, and ease of 
field maintenance. The result is a pair of 
highly efficient military carrier telephone 
systems. 

In the summer of 1945, a committee 
was formed at the Signal Corps Engineer¬ 
ing Laboratories to make plans for a com¬ 
pletely new military communication sys¬ 
tem. The report of this committee was 
completed in October 1945. The report 
contained the requirements for carrier 
equipment, spiral-4 cable, switchboards, 
telephones, and other key items for the 
new system. Most of these items are now 
in production or are in advanced stages of 
development. The requirements for the 
new equipment to be used in the military 
long-distance telephone network were 
based upon experience gained in World 
War II. The CF carrier, radio relay, 
and spiral-4 cable were used extensively 
and were most satisfactory. It was defi¬ 
nite that more of the same type of equip¬ 
ment was wanted, but smaller and bet¬ 
ter and in larger quantities. The 4- 
channel and 12-channel systems under 


discussion are products of this plan. 

The reasons for designing the systems 
in the way in which they were done and 
the military necessities which dictated 
the requirements are discussed in the 
following. 

Logistics 

First in importance is probably the 
matter of logistics. It is, of course, ex¬ 
tremely important that this equipment be 
highly miniaturized and packaged so that 
it can be handled easily by field personnel. 
This has been done; almost all items of 
new equipment are around 100 pounds per 
package or less, and none ever weighs 
over 200 pounds. This makes it very 
easy for one or two men to load or unload 
the equipment on vehicles and to set it 
up easily for operation in almost any re¬ 
quired location. Fig. 1 shows a compari¬ 
son of the old carrier telephone terminal 
CF-1 with the telephone terminal AN/ 
TCC-3 of the new 4-channel system. 

In addition to size and weight require¬ 
ments and of even greater importance, 
from a logistic standpoint, is flexibility. 
Each item must be able to fill a multitude 
of needs and meet many varying situa¬ 
tions so that an entire long-distance tele¬ 
phone system can be built from a few 
items of equipment. This flexibility and 
versatility has been achieved. Ten Sig¬ 
nal Corps stock items constitute the en¬ 
tire long-distance telephone network. 
These items are listed in the following. 

1. Telephone terminal AN/TCC-3, 4- 

channel system. 

2. Telephone repeater AN/TCC-5, 4- 

channel system. 

3. Radio set AN/GRC-10, 4-channel sys¬ 
tem. 

4. Telephone terminal AN/TCC-7, 12- 

channel system. 

5. Telephone repeater AN/TCC-8 (at¬ 

tended), 12-channel system. 

6. Telephone repeater AN/TCC-11 (un¬ 
attended), 12-channel system. 

7. Radio set AN/TRC-24, 12-channel 
system. 

8. Telegraph-telephone signal converter 
TA/-182/U, both systems. 

9. Cable assembly CX-1065/G, both sys¬ 
tems. 


10. Telephone loading coil assembly CU- 
260/G, 4-channel system. 

What has been achieved by these 10 
items should be emphasized, remembering 
that military operations demand large 
stockpiles of millions of individual items 
at home and abroad. Having such an 
important communication requirement 
covered by only 10 items enables concen¬ 
tration of stockpiles and insures that, in 
time of war, large quantities of all 10 
items are available in overseas theaters. 
This helps greatly to eliminate the risk 
of having a few missing pieces of equip¬ 
ment put a severe handicap on the entire 
long-distance communication system. 

Ruggedness 

In addition to the requirements of 
miniaturization and packaging for ease of 
handling, the equipment must be en¬ 
gineered for global use, i.e., it must be 
rugged enough to withstand shipping and 
rough handling in the field and still per¬ 
form in any part of the world. The 
equipment is, therefore, required to pass a 
series of severe mechanical and environ¬ 
mental tests to simulate these conditions. 

Military Switching Plan 

Second to logistics, in order of impor¬ 
tance, are the over-all electrical require¬ 
ments of the equipment itself. The Sig¬ 
nal Corps has spent considerable time 
and contract funds in studying the mili¬ 
tary telephone system requirements. 
Much of this work has gone into study of 
possible transmission and switching im¬ 
provements. During World War II, 
with ringdown trunks and 6-, 9-, and 12- 
decibel (db) transmission losses per trunk, 
telephone calls over more than two trunks 
in tandem were made only with the 
greatest of difficulty. New military 
switching plans using new equipment call 
for up to six trunks to be switched in tan¬ 
dem. This requires a far better grade of 
trunk and a new type of switchboard with 
supervision capable of setting up such 
long switched calls. A diagram of a new 
military switching plan is illustrated in 
Fig. 2. 

This figure shows that a 3-db net loss 
trunk is required for the new switching 
plan. To achieve this low net loss of 3 db 
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by the AIBB Committee on Technical Operations 
for presentation at the AIEE Pall General Meeting, 
Chicago, Ill., October 11—15, 1954. Manuscript 
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printing August 31,1954. 
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Fig* 1. Telephone 
terminal AN/TCC-3 
compared with tele¬ 
phone terminal CF- 
1B 


requires good regulation and control of 
the transmission losses and gains in the 
carrier systems and radio sets. If this 
is not done, the trunk circuits are in dan¬ 
ger of instability and high distortion when 
the net loss is allowed to decrease to near 
0 db. For this reason, the permissible 
net loss variations in the new equipments 
are held to =b2 db. Another important 
characteristic is the bandwidth of the tele¬ 
phone trunk. The new equipment pro¬ 
vides a trunk with a bandwidth of 350 to 
3,460 cycles (3-db points). Fig. 3 shows 
the difference between one of these trunks 
and five of them connected in tandem. 
To have a good circuit to talk over, after 
five or six trunks are switched together 
plus the user’s loops at each end, it is es¬ 
sential that each trunk have a wide band¬ 
width, as shown in Fig. 3. 

The allowable noise on the long dis¬ 
tance trunk is 38 dba measured at or re¬ 
ferred to 0 db transmission level; dba is 
the adjusted value of noise as used in the 
Bell System. The interchannel crosstalk 
loss is required to be 50 db, or greater, 
measured at equal transmission levels. 
The near-end crosstalk loss, or crosstalk 
side-tone loss, is required to be 25 db or 
greater, measured at equal level points. 
The differences in carrier supply frequen¬ 
cies used are required to be such that no 
channel in a carder system causes more 
than 2 cycles change in any frequency 
transmitted over the channel. All of 
these electrical requirements must be met 
over a wide variety of temperature and 
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humidity conditions and fluctuations in 
a-c line voltage. 

Size and Length of System 

For communication purposes, a theater 
of operations may be divided into rear 
area, intermediate area, and forward area. 
The 4-channel system is intended pri¬ 
marily as forward-area equipment but 
may be used to provide tributary or ter¬ 
minal trunks anywhere in the theater. 
Consequently, it is expected, for the most 
part, to be used as a very-short-haul sys¬ 
tem within the division with very-high- 
frequency radio relay sets or up to 25 
miles of loaded spiral-4 cable. The maxi¬ 
mum length as a cable system with carrier 
repeaters is 100 miles. The 26-mile re¬ 
peater spacing is dictated by noise re¬ 


quirements rather than crosstalk in the 
cable. With a single repeater, however, 
the system can be 70 miles long. The 
terminal consists of two transit cases with 
a total weight of 175 pounds and 5.7 cubic 
feet of volume. The attended repeater is 
in a single carrying case with approxi¬ 
mately half the size and weight. 

The 12-channel system, on the other 
hand, is primarily for the intermediate 
areas from division rear and, in fact, will 
be the main source of the 3-db long-dis¬ 
tance trunks. The maximum length as a 
cable system, with attended and unat¬ 
tended carrier repeaters, is 200 miles. 
The unattended repeater spacing is 5 x / 2 
to 6 miles which is limited by near-end 
crosstalk in the nonloaded cable. The 
nominal attended repeater spacing of 40 
miles is based on several considerations, 
including the matter of power feed to un¬ 
attended repeaters, the order wire circuit, 
and the need for mopup on cable equaliza¬ 
tion. The 12-channel terminal is 4.4 
rather than 3 times the size and weight of 
the 4-channel terminal. This is because 
of such factors as complexity occasioned 
by wider bandwidth, the refinement of 
providing automatic regulation, and the 
need to feed power over the cable. The 
attended repeater is 7/10 the size and 
weight of the terminal, while the un¬ 
attended repeater is less than 1/10 the 
size and weight. These data are sum¬ 
marized in Table I with the superseded 
World War II system added for compari¬ 
son. 

In line with the stress on flexibility, the 
forward-area carrier installation can be 
replaced by a 12-channel system without 
need for complete replacement of outside 
plant. It can be set up initially as a 
radio link while the line crew goes down 
the spiral-4 cable removing the loading 
coil assemblies every 1/4 mile and insert¬ 
ing unattended repeaters at the 5 3 / 4 -mile 
intervals. Furthermore, there has been 
enough margin designed into both the 4- 
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and 12-channel systems to permit emer¬ 
gency operation over captured or re¬ 
claimed cable, or open wire lines. 

Maintenance 

Maintenance of equipment is another 
prime consideration in the design of mili¬ 
tary equipment. Every reasonable step 
must be taken to ease the maintenance 
problem. Operating systems must be 
maintained as efficiently as possible and 
defective components which are too ex¬ 
pensive to be thrown away must be re¬ 
paired. Here again, time must be con¬ 
sidered. The whole maintenance pro¬ 
gram must not require excessively long 
training periods for personnel; therefore, 
trouble location and repair procedures 
must be made very simple and straight¬ 
forward. Time is also of importance in 
the field. Trouble must be located in 
operating systems and be corrected as 
quickly as possible. Operating crews 
must be alerted by audible and visible 
alarms and must be provided with the 
necessary trouble-locating equipment and 
an adequate supply of replacement parts. 
Since time is especially important here, 
trouble-locating procedures must be 
streamlined and parts replacement must 
be easily done. This problem has been 
met by several methods. The first 
thing was to provide the most reliable cir¬ 
cuits that could be devised. This re¬ 
duced the frequency of trouble. Then 
the systems were equipped with a suffi¬ 
cient number of alarms t© alert operative 
personnel of total. failure or impending' 
total failure. The next step was the pro¬ 
vision of built-in test equipment with fea¬ 
tures not just for system lineup but for 


trouble location as well. There is even a 
push-button tone test to locate defective 
unattended repeaters and another test to 
locate certain types of trouble before it 
appears in traffic circuits. Trouble-loca¬ 
tion tables were inserted in technical 
manuals. This completed the features for 
streamlined location of troubles. Re¬ 
placement of defective parts has been 
eased by the provision of plug-in subas¬ 
semblies. This is a relatively new idea 
for equipment maintenance as far as the 
Signal Corps is concerned and, at the 
moment, there has not been adequate 
provision in the supply and maintenance 
organizations to handle this method of 
maintenance. The plug-in subassemblies 
make the task of defective parts replace¬ 
ment a very simple matter. Once supply 
and maintenance are properly oriented, 
the personnel on system location will not 
be burdened with the repair of subas¬ 
semblies. An adequate supply of good 
subassemblies will be kept on hand and 
subassemblies which are defective will be 
returned to rear areas for repair and 
reissue. 

Several points must be settled to realize 
the full benefit of this plug-in construc¬ 
tion. Arrangements must be made be¬ 


tween supply and maintenance to assure 
rotation of subassemblies. Who should 
handle the rotation? How should the 
repairs be made? Should running equip¬ 
ments be used as standards or should 
jigs and fixtures be used? How uni¬ 
versal can jigs and fixtures be made? 
Will there be a few universal items, or will 
this method have to be abandoned be¬ 
cause of an unwieldy assemblage of 
specialized fittings? Present indications 
are in favor of jigs and fittings. Supply 
has another problem. How are these sub- 
assemblies to be stocked? How many 
are to be ordered? How to account for 
reconditioned items? Eventually these 
questions will be answered and the full 
benefits will be realized whereby the op¬ 
erating teams will concentrate upon keep¬ 
ing the systems in operation and the rear 
areas will repair items for reissue to the 
operating teams. Thus, the maintenance 
mission will be fulfilled. 

Training for Installation and 
Operation 

It is highly important in times of emer¬ 
gency to get equipment and personnel in¬ 
to the field in the shortest possible time. 
Equipment may be stockpiled, then 
quickly transported. Manning the 
equipment with trained personnel is 
quite another thing. Personnel must be 
drawn from all walks of life, trained 
quickly, and sent forward to fill in the 
spreading situation. Expansion occurs 
at a rate far beyond that experienced by 
a commercial plant. This situation is 
met by designing equipment and systems 
that require the least possible training of 
field personnel. This is done by the 
study of existing circuits and then devis¬ 
ing simple circuits to replace those of the 
more complex type. When complex cir¬ 
cuits must be used, the complexity is “en¬ 
gineered” into the equipment components. 
For example, a complex network is en¬ 
cased as one complete component and be¬ 
comes a replaceable item. Of course, this 
breakdown and packaging of complex- 
circuit components is based on expected 
life, cost of component versus cost of re- 


Table I. Comparative Equipment Data 


System 


Equipment 

Terminal Repeater 

Weight, 

Pounds 

Volume, 
Cubic Feet 

Relative 

Size 

and Weight 

Number of 
Transit Cases 

CF-1 . 


...475..,. 

v. .20.3.... 

.:..i.oo. 

.1 


CF-3 

...225... 

... 7.7.... 

....0.43. 

.1 

AN/TCC-3. 


...178... 

.... 5.7.... 

....0.33..... 

......2 


AN/TCC-S . 

... 86. .i 

... 2.6.... 

....0.16..... 


AN/TCC-7. 


...746... 

...25.2.... 

....1.40_ 



AN/TCC-8, . 

...611... 

...18.4.... 

....1.00..... 



AN/TCC-11. 

... 70.,. 

... 1.8,,.. 

....0.12. 



Old 4-channel system j 


New 12-channel system • 
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pair, and the resulting reduction of out- 
of-service time. Thus, training of per¬ 
sonnel does not involve complex-circuit 
analysis. Installation of equipment is 
based on a few simple rules. Equipment 
comprised of several units include plug- 
ended interconnecting cables with all 
plugs and receptacles clearly marked. 
No soldering is required and multiple 
choice wiring does not exist. System 
line-up adjustment is equally simple. 
Built-in transmission-measuring equip¬ 
ment provides the means for testing 
circuits. Line-up controls are clearly 
marked and are the minimum number re¬ 
quired. The majority of line-up adjust¬ 
ments result in a O-db-reading on the 
equipment meter. This relieves the per¬ 


sonnel of having to remember an assort¬ 
ment of readings during line-up. In 
short, everything about the system has 
been designed for the simplest possible 
installation and line-up to reduce training 
requirements. 

Transmission Media—Radio and 
Cable 

The transmission media for tactical 
military earner telephone systems became 
established as spiral-4 cable and radio 
relay during World War II. These have 
proven to be equally desirable for the new 
systems. The radio relay equipment has 
been improved tremendously. Radio 
relay is treated as though it were just 


another section of cable. In fact, its use 
has replaced cable in many situations, par¬ 
ticularly where mobility is of great im¬ 
portance. 

The transmission media are both basi¬ 
cally 4 wire which allows for transmission 
and reception at the same carrier fre¬ 
quencies in the cable system and the 
radio relay system. By careful attention 
to design and system requirements, it has 
been possible to construct the extremely 
flexible carrier equipments necessary to 
operate with both radio relay and cable 
systems. Some years ago, this was called 
integration of wire and radio. The word 
integration” became shopworn from 
excessive use j however, the objectives 
of integration have been achieved. 
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A New Cable Design for Military 
Carrier Telephone Systems 


H. F. X. KINGSLEY 

NONMEMBER AIEE 


A COMPANION paper 1 has shown 
how the trend to high-speed war¬ 
fare has dictated the expansion and in¬ 
creased flexibility of military carrier tele¬ 
phone networks and how the Signal Corps 
Engineering Laboratories planned and 
developed a completely new military com¬ 
munication system based upon experience 
gained in World War II. This paper de¬ 
scribes the work done in connection with 
one important component of the system, 
namely, a cable for use with 4-channel 
and 12-channel carrier telephone equip¬ 
ments. As in the design of other military 
equipments, the cable design goals 
stressed advantages in weight, bulk, 
usable bandwidth, and reliability along 
with significant improvements in elec¬ 
trical and mechanical characteristics in 
comparison with the carrier cable of 
World War II. This World War II cable 
WC-548 was a rubber insulated and jac¬ 
keted 4-conductor cable of the star quad 
type, and it became known as spiral-4. 

In April 1946, a contract was placed 
with the United States Rubber Company 
for the development of two carrier 
cables: a lightweight nonloaded cable for 
use in the proposed 12-channel carrier 
telephone system; and an ultralight¬ 
weight loaded cable for use in the pro¬ 


posed 4-channel system. Development 
work continued into 1950, although basic 
cable design work was completed in less 
than 2 years. It might be well to trace 
some of the general outlines of the work 
at this tune, since this will make unneces¬ 
sary certain deviations from a direct 
path later. 

Two Cables 

As previously pointed out, the original 
concept called for the design of two cables. 
At the time, this appeared to be abso¬ 
lutely necessary for a number of reasons. 
It was felt that it was possible to meet all 
the requirements for the 4-channel system 
with loaded cable. The wide frequency 
range required for the 12-channel system 
and the necessity of providing a reasona¬ 
ble repeater spacing made it appear im¬ 
possible, however, to consider the 4- 
channel cable for 12-channel use. It 
might also be mentioned that thoughts 
at the time envisioned the loading coil 
incorporated in the 4-channel cable con¬ 
nector which would result in cutoff well 
below the top frequency required in the 
12-channel system. 

The aforementioned concept was radi¬ 
cally changed with the advent of the un¬ 
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attended repeater for the 12-channel sys¬ 
tem which set reduced goals on repeater 
spacing and attenuation. As work pro¬ 
gressed on cable designs, it became ap¬ 
parent that the main factor militating 
against a single cable was the side-to- 
side capacitance unbalance limit that 
could be attained. Since no quantity pro¬ 
duction of cable is accomplished during a 
development phase, it was necessary to 
fall back on data relating to old spiral-4 
cable and to estimate from that data 
what could be expected, or hoped for, in 
the new cable. 

Calculations showed that the 4-channel 
system would require an unbalance no 
higher than 60 micromicrofarads (mmf) 
rms per 1/4-mile length and the 12-chan¬ 
nel system no higher than 35. Produc¬ 
tion data on the old spiral-4 cable indi¬ 
cated rms value of no higher than 125. 
It was certain that the 60-mmf require¬ 
ment for the 4-channel system could be 
achieved in production and reasonably 
certain that a large part of production 
would conform to the 12-channel require¬ 
ment. At this point, which was not 
much more than 1 year after develop¬ 
ment had started, it was decided to pur¬ 
sue a single ultralightweight cable design 
which would be loaded for 4-channel use 
and nonloaded, but using unattended re¬ 
peaters, for 12-channel use. Selection 
of low unbalance reels wou ld be in 

Paper 54-409, recommended by the AIEE Wire 
Communications Systems Committee and approved 
by the AIEE Committee on Technical Operations 
for presentation at the AIEE Pall General Meeting, 
Chicago, III., October 11-15, 1054. Manuscript 
submitted June 18, 1954; made available tor 
printing August 31,1954. 
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Fig. 1. New spi¬ 
ral-4 cable 







Fig. 2. Cross-sectional view of new spiral-4 
cable and details of construction 

1. Core, polyethylene, 0.031 inch ±0.003 

inch 

2. Strand, 7/0.0136-inch copper, fl /i 8 -inch 

left-hand lay 

3. Insulation, polyethylene, to 0.076 inch± 

0.003 inch diameter 

4. Cabling, four insulated conductors around 

core, 2-inch right-hand lay 

5. Inner jacket, polyethylene, to 0.233 

inch±0.005 inch diameter 

6. Tape, carbon-filled cloth, 0.0045 inch 

thick, helically or longitudinally applied 

7. Braid, type-302 stainless steel, 16/0.015 

inch, 5.75 pics per inch 

8. Outer jacket, Buna N-vinyl or vinyl, to 

0.370 maximum diameter 


production for use in the 12-channel sys¬ 
tem. Thus, while a single cable was 
considered feasible, two cable assemblies 
would be furnished to the field—one for 
each application. 

One Cable 

The final step in the process, the deci¬ 
sion to use a single cable assembly, was 


based on the result of tests of the first 100 
reels manufactured in 1949. The average 
side-to-side unbalance for this lot was 19 
mmf and the maximum value was 72. 
The manufacture of service test quanti¬ 
ties, 580 reels, was final proof since this 
lot averaged 8.6 mmf. To use a single 
cable, it was then necessary to provide 
loading coils as separate units for use in 
the 4-channel system. 

Cable Design 

At this point, it would seem appropriate 
to revert to the beginning of the develop¬ 
ment program and cover the specifics of 
the cable design problem. The two most 
important elements of a cable are its con¬ 
ductor and its insulation. The conduc¬ 
tor, of course, had to be copper. A sur¬ 
vey of insulation materials quickly showed 
that polyethylene, as opposed to any 
other practical material, resulted in a 
cable with the lowest attenuation for 
given specific physical dimensions. Thus, 
with the conductor and insulation ma¬ 
terials decided upon, and with the con¬ 
figuration of a star quad retained from 
the old spiral-4 cable, the basic cable de¬ 
sign took definite shape. As all of the 40 
cable constructions which were manu¬ 
factured and evaluated cannot be dis¬ 
cussed in this paper, a description of the 
final cable design and an analysis of its 
constructional details and the part they 
play in providing mechanical and elec¬ 
trical adequacy are given; see Figs. 1 and 
2 for cable details. 

A great deal of design effort was ex¬ 
pended on keeping the carrier frequency 
attenuation to a practical minimum and, 
of almost equal importance, on maintain¬ 
ing the attenuation versus frequency 
characteristic within very dose tolerances. 
This latter design requirement was neces¬ 
sary since the proper operation of the 
pilot regulation system in the carrier 
equipment depended upon predsely main¬ 
tained cable characteristics. Since at¬ 
tenuation is affected by the four basic 
cable parameters (R, L, G, and C), each 
was analyzed in turn. 


Resistance R 

At low frequendes, usually only the d-c 
resistance of the cable conductors needs 
to be considered. As frequency rises, 
other factors which increase circuit resist¬ 
ance must be taken into account. Among 
these are resistance increases caused by 
skin effect, proximity effect, and hys¬ 
teresis and eddy-current losses due to the 
presence of any other cable components 
in the electric field It was found that 
no great reductions were possible in the 
losses caused by skin and proximity ef¬ 
fects, although attempts were made to 
reduce the former by insulating each of 
the seven conductor strands with enamel. 
When the old spiral-4 cable was analyzed, 
however, it was amazing to see how 
greatly hysteresis and eddy-current losses 
contributed to the resistance at 60 kc. 
The ratio of the a-c resistance at this fre¬ 
quency to the d-c resistance was measured 
to be 1.70. If only skin and proximity ef¬ 
fects were considered, this ratio was cal¬ 
culated to be only 1.23. The additional 
losses were caused by the aluminum foil 
stabilizing tape and high carbon steel 
braid of the old cable. In the new cable, 
it should be noted that the stabilizing tape 
is a high-resistance carbon cloth, some¬ 
what less than 10,000 ohms square, and 
that the braid is stainless steel of low con¬ 
ductivity, about 2.5 per cent, and of very 
low permeability. The resulting cable 
has a 60-kc a-c to d-c ratio of only 1.22 
and, since this ratio for skin and proximity 
effects is calculated to be 1.16, it can be 
seen that a practical minimum has been 
achieved. 

Inductance L 

Cable inductance is primarily de¬ 
pendent on cable dimensions. Attempts 
were made to increase inductance to effect 
continuous loading. In this connection, 
high-permeability tapes were considered 
but discarded for a number of reasons in¬ 
cluding the fact that the permeability of 
these materials changes with working or 
stress. Magnetic iron oxide was com¬ 
pounded into the insulation with little 
success. It was concluded that no feasi- 
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Table I. Comparison Between Old and New Cables 


Old 

Spiral-4 


New* 

Spiral-4 


Newf 

Spiral-4 


Newt 

Spiral-4 


Side-to-side unbalance, mmf per Vt-milereel 

Side-to- ground unbalance, mmf per vJmile reVl,!! j! [Up. ’'' ‘ ’ ['' [ [ ‘ 

tCom^ eIOPment ^ ° f “ ° f Cable b * United States Rubber Company 
tComposite average 1052 production by Rome Cable Corporation. 

tComposite average for 1953 production by Rome Cable Corporation 


ble method for increasing inductance was 
available except the lump loading for the 
4-channel system. 

Capacitance C and Conductance G 

As was pointed out earlier, the effect 
of these parameters on cable attenuation 
was reduced to a minimum by the selec¬ 
tion of polyethylene for the insulation 
early in development. Additional reduc¬ 
tions in these parameters were accom¬ 
plished by the addition of a polyethylene 
inner jacket. Since the inner jacket 
was added to the cable construction pri¬ 
marily to improve capacitance unbalances 
and the mechanical characteristics of the 
cable, this feature will be more fully dis¬ 
cussed later in this paper. 

Side-to-side capacitance unbalance was 
mentioned in the foregoing, and this 
would be a good time to discuss capaci¬ 
tance unbalances further to compare the 
old and new cables in this respect and to 
detail some of the reasons for the marked 
superiority of the new design in both side- 
to-side and side-to-ground unbalances. A 
comparison between old and new cables 
at various stages of development and pro¬ 
duction is furnished in Table I. 

The data show the strides made in the 
reduction of unbalances. It might also be 
interesting to note that the production 
data of the Rome Cable Corporation 
show that 99.7 per cent of their 1953 pro¬ 
duction was below 19 mmf for side-to- 
side unbalance and below 316 mmf f or 
side-to-ground unbalance. 

Capacitance unbalances can result from 
electrical variations in the insulating ma¬ 
terial or from variations in the dimensions 
and configuration of the quad. The use 
of polyethylene instead of rubber for the 
insulation minimized electrical and di¬ 
mensional variations. It was found to 
be entirely feasible to limit diameter varia- < 
tions to 1 or 2 mils and, at the same time, < 
achieve excellent centering of the con- i 
ductor in the insulation. Moreover, the \ 
polyethylene conductors were not nearly c 
as distorted or deformed as was rubber by t 
subsequent cabling, braiding, and jacket- t 
mg operations. The foregoing factors a 
helped to attain a cable with low un- c 
balances. The addition of the inner p 
jacket to the cable construction, a feature F 


Mechanical design problems are of 
prime importance to the man in the field 
using the cable. It was therefore neces¬ 
sary to evaluate the various cable com¬ 
ponents to determine the best mechanical 
construction. Many constructions were 
made with variations in the conductor 
lay, the cabling lay, and the braid angle. 
These were evaluated and features were 
selected for the final design to effect opti¬ 
mum properties in flex, bend, and impact 
resistance. While this program was es¬ 
sential, the most important new contri¬ 
bution to mechanical properties was the 
addition of the inner jacket previously 
discussed. This inner jacket made the 
core of the cable compact and greatly im¬ 
proved the mechanical characteristics 
of the cable, especially its impact resist¬ 
ance. 

In even a limited discussion of me¬ 
chanical characteristics, the problem of the 
cable outer jacket cannot be omitted. 
Actually this was a major development 
within a development. A jacket was re¬ 
quired which would perform both a posi¬ 
tive and a negative function. The posi¬ 
tive function was to provide a rugged, 
abrasion-resistant outer covering for the 
cable making it usable over a wide tem¬ 
perature range from - 67 to +140 degrees 
Fahrenheit. The negative function was 


Table II. Comparison Between Old and New 
Spiral-4 Cable 


Old New 

Spiral-4 Spiral-4 

Over-all diameter, incites. 0.425_ 0.370 

Weight per mile, pounds. 545 ... ’390 

Breaking strength, pounds_600 ..., 700 


not present in the old spiral-4, aided to 
maintain these low unbalances for the en¬ 
tire life of the cable by fixing the quad 
configuration permanently in the inter¬ 
stice-filling inner jacket. These design 
features which helped to attain and main¬ 
tain low unbalances, and the production 
engineering of cable manufacturers who 
analyzed the effects of production equip¬ 
ment and techniques on cable unbalances 
have resulted in a cable of remarkable 
electrical properties. In a paper such 
as this, it is necessary to subordinate cer¬ 
tain design problems for lack of time and 
space. Two such problems, namely, 
mechanical cable design problems and 
connector design will therefore be covered 
in less detail. It should be pointed out, 
however, that this does not mean that 
they are of lesser importance. 

Mechanical Design 


j not to damage or distort the heat sensitive 
polyethylene cable core underneath. 
I This latter consideration immediately 
eliminated the use of conventional rubber 
i compounds which are subjected to high 
pressures and temperatures in the con¬ 
tinuous vulcanization process. Fortuna¬ 
tely, as part of their development con¬ 
tract, the United States Rubber Company 
did design a jacket compound, a Buna- 
N-vinyl combination which met both 
requirements. More recently, other 
straight vinyl compounds have been devel¬ 
oped and are in production. As a result 
of this mechanical design work, the new 
spiral-4 cable is smaller, lighter, stronger, 
and more rugged than its predecessor. 
Some comparison between the two cables 
is offered in Table II. 

The connector design, too, was a major 
part of the development effort. It is 
sufficient to say that resulting connector 
design is of a universal type; any con¬ 
nector can be coupled to any other con¬ 
nector. It is easy to couple in daylight 
or darkness, waterproof, and is excellent 
electrically. Adding to the foregoing 
performance characteristics the fact that 
the connector can be assembled in the 
cable factory without interplant shipment 
of cable to a subcontractor, it can be seen 
that the connector design is a worthy 
companion to the cable. 

Conclusion 

The Signal Corps Engineering Labora¬ 
tories are proud of the results achieved 
by this development effort. In this re¬ 
view, however, cost was never mentioned. 
Frankly, it is very difficult to compare the 
new cable assembly to the old in this re¬ 
spect. For one thing, their uses are dif¬ 
ferent, the old cable assembly was exclu¬ 
sively used for a 4-channel system, while 
the new is a dual-purpose cable used in 
both 4- and 12-channel syst ems , The 
new cable, besides having greater flexi¬ 
bility, has at least three times the mes¬ 
sage-carrying capacity. In circumstances 
such as these, it is common practice to 
compare costs per circuit mile. On this 
basis, it would be necessary to multiply 
the cost of the old spiral-4 by a factor of 
3 before making a comparison. Secondly, 
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it is necessary to relate the cost of the old 
cable assembly in the 1945 production to 
the cost of the new cable assembly in 1954. 
This “cost of living” factor is usually 
taken to be 2.4. Thus, a total correction 
factor of 7.2 might be considered reasona¬ 
ble. If this correction factor is used, it 


would be found that the cost of the old 
cable assembly is more than 1,000 per¬ 
cent higher than the new. This is con¬ 
sidered embarrassingly too good to use. 
Therefore, no use of any correction fac¬ 
tors is made and it suffices to say that the 
old cable assembly in 1945 production 


cost 60 percent more than the new cable 
assembly costs today. 
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Discussion 

E. Mark Wolf (Rome Cable Corporation, 
Rome, N.Y.): Mr. Kingsley has very ably 
pointed out the rather dramatic improve¬ 
ment achieved in side-to-side and side-to- 
ground capacitance unbalance of modern 
spiral-4 cable. This improvement came 
about solely as a result of production experi¬ 
ence and gradual refinement of manufactur¬ 
ing techniques. No changes in materials, 
construction, or basic manufacturing meth¬ 
ods were involved. Actually, manufactur¬ 
ing costs during 1953 were appreciably lower 
than during 1952, and individual lengths of 
cable outside specification limits were vir¬ 
tually unknown. 

It is interesting to note how precisely the 
test data obtained throughout this manu¬ 
facturing experience coincided with current 
theories of statistical quality control. The 
specification limits for side-to-ground capaci¬ 
tance unbalance are as follows: 


Maximum average for 100 reel lots: 450 
mmf per y 4 -mile length 
Maximum individual y 4 -mile reel: 1,250 
mmf per y 4 -tnile length 

The original design limits established as a 
result of experimental development work in 
another plant were 280 mmf maximum aver¬ 
age for 100 reel lots, and 1,000 mmf maxi¬ 
mum for any individual reel. These limits 
were increased to the present values in the 
specification as a result of limited production 
experience, and therefore represented a 
compromise between what was desired and 
what could be achieved. 

Our early production gave test results 
seeming to indicate that the specification 
limits were going to be difficult to meet. 
Our 100 reel average for all production was 
running 440 to 455 mmf, with some indivi¬ 
dual reels measuring as high as 2,000 mmf. 
At this point frequency distribution plots of 
individual test results gave a broad rectan¬ 
gular curve bearing little resemblance to the 


familiar bell-shaped curve to be expected. 
The shape of this curve gave silent testi¬ 
mony to the fact that the process was out of 
control. As we searched out and corrected 
various assignable causes the shape of the 
curve began to change as the average shifted 
downward. Toward the latter part of 
1953, an analysis of 4,500 consecutively pro¬ 
duced lengths showed the following distri¬ 
bution of side-to-ground capacitance un¬ 
balance values: 

Average of 4,500 lengths: 85 mmf per x / 4 
mile 

Highest average for 100 consecutive lengths: 

104 mmf per x / 4 mile 
Number of lengths over 650 mmf: 0 
Number of lengths over 450 mmf: 7 
Number of lengths over 350 mmf: 32 
All other values less than 350 mmf 

Needless to say, values such as these plot 
into a very satisfactory frequency distri¬ 
bution pattern, and reflect the result of ex¬ 
perience gained in the course of production. 


New Military Carrier Telephone Systems 
Equipment Features 
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E VEN though the over-all system de¬ 
sign has been carefully planned and 
the transmission circuitry has been ably 
executed, a communications system is 
only as useful and reliable as it is per¬ 
mitted to be by the actual equipment. 
Equipment usefulness is dependent on 
ability to reach its operational site un¬ 
damaged, adaptability to conditions of 
usage, competence in operation, and sus¬ 
ceptibility to rapid reactivation if dis¬ 
abled. With these requirements in mind, 
two multichannel carrier telephone sys¬ 
tems have been developed for military 
communication in tactical areas. These 
are a 4-channel system for operation over 
distances to a maximum of 100 miles, and 
a 12-channel system for heavier traffic 
and longer haul operation over distances 
to a maximum of 200 miles. The over-all 
plan, the transmission media, and the 


transmission characteristics of these sys¬ 
tems have been covered in companion 
papers. 1>2 Discussion here will be limited 
to a description of the actual equipment 
and its design features as they relate to 
the basic objectives of durability, trans¬ 
portability, ease of installation, and sim¬ 
plicity of operation, maintenance, and re¬ 
pair under any physical or climatic condi¬ 
tions to be encountered from the arctic 
to the equator. 

General Description 

The 4-channel system equipment is 
comprised of a terminal AN/TCC-3 and 
a repeater AN/TCC-5. The terminal, 
illustrated in Fig. 1, is composed of two 
interconnected units, the modem unit 
and the amplifier-power supply unit. 
The modem unit contains the modulating 


equipment for translation between voice 
and carrier frequencies. The amplifier- 
power supply unit contains the amplifica¬ 
tion, carrier frequency supply, power 
supply, order wire, alarm, and testing 
equipment. The repeater shown in Fig. 
2 is a single unit containing amplifica¬ 
tion, power supply, order wire, alram, and 
testing equipment. 

This system was developed to replace 
the then existing 4-channel system, com¬ 
prised of the familiar CF-1 terminal and 
CF-3 repeater equipments. The old 
system was developed early in World 
War II using standard Bell System com¬ 
ponents and structural techniques, hast¬ 
ily adapted to military requirements. 
The new system, designed from its incep¬ 
tion to meet military requirements, has 
many transmission and service functions 
additional to those of the older system 
and its equipment weight and volume are 
approximately one-third those of the 
older system. The relative volumes and 

Paper 54-410, recommended by the AIEE Wire 
Communications Systems Committee and approved 
by the AIEE Committee on Technical Operations 
for presentation at the AIEE Fall General Meeting, 
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submitted June 18, 1954; made available for print¬ 
ing August 24, 1954. 
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Fig. 1. Terminal AN/TCC-3 


Fig. 2. Repeater AN/TCC-5 


weights are listed in Table I. 

The 12-channel system equipment is 
comprised of a terminal AN/TCC-7, an 
attended repeater AN/TCC-8, and an 
unattended repeater AN/TCC-11. The 
terminal, illustrated in Fig. 3, is composed 
of three modem units, and one each car¬ 
rier supply unit, subgroup unit, amplifier- 
pilot regulator unit, order wire-test unit, 
200-volt power supply unit, and 600-volt 
power supply unit, a total of nine inter- 


ORDER wire 
PAN jrL 


storage 

DRAWER 


connected units. The modem units are 
identical to the modem unit of the 4- 
channel terminal and perform the same 
function. The carrier supply unit gen¬ 
erates the necessary carrier and pilot fre¬ 
quencies for the system. The subgroup 
contains equipment for translating the 3- 
channel modem groups to adjacent fre¬ 
quencies in the band. The amplifier- 
pilot regulator unit contains equipment 
for system regulation, amplification, and 
translation of the carrier band to line fre¬ 
quencies. The order wire-test unit con¬ 
tains the voice order wire, transmission 
measuring, and trouble location test 
equipment. The 200-volt power supply 
unit furnishes direct current for the ter¬ 
minal operation, and the 600-volt power 
supply unit furnishes direct current over 
the transmission cable to operate three 
adjacent unattended repeaters. 

The attended repeater, shown in Fig. 4, 
is composed of one each repeater unit, 
order wire-test unit, and 200-volt power 
supply unit, and two 600-volt power sup¬ 
ply units, a total of five interconnected 
units. The repeater unit contains am¬ 
plification and regulation equipment. 
The order wire-test unit contains voice 
order wire, transmission measuring, and 
trouble location test equipment. The 
200-volt power supply unit and 600-volt 
power supply units are identical to and 
perform the same functions as those in the 
terminal. 

The unattended repeater, Fig. 5, is a 
single unit containing the equipment 
necessary for amplification of the trans¬ 
mission band, together with equipment 
for cable fault location and by-passing the 
voice order wire in order to make it in¬ 
dependent of transmission band failure. 

A portable test set TS-712 and artificial 
cable unit, normally kept at the at¬ 
tended locations and provided for instal- 


Fig. 3 (left). 
Terminal AN/- 
TCC-7 


Fig. 4 (right). 
Attended re¬ 
peater AN/- 
TCC-8 


Table I. Comparison of Old and New 
Systems 


Equipment 

Volume, 

Cubic Feet 

Weight, 

Pounds 

CF-1 terminal. 

.19.89. . 


TCC-3 terminal_ 

. 5.65... 


CF-3 repeater. 

. 7.3 ... 

225 

TCC-5 repeater. 

. 2.63. 

.86 


lation, transmission testing, and trouble 
location at the unattended repeater, are 
illustrated in Figs. 6 and 7. 

This 12-channel system was designed 
to supplement the 4-channel system for 
relatively long haul, heavy traffic routes. 
Since it is the first of its kind, no direct 
comparison to an existing system as to 
volume and weight can be made as was 
done for the 4-channel system. 

Equipment Features 

Having stated the basic requirements 
for and given a brief description of the 
equipment which makes up these carrier 
systems, the design features which give 
them the durability, transportability, 
flexibility, and operability required for 
military usage will now be examined. 

Terminals and Attended Repeaters 

The most obvious feature is the sub¬ 
division of the equipment into small 
interconnected units. The units are en¬ 
tirely self-contained, requiring no sepa¬ 
rately packed miscellaneous parts for in¬ 
stallation. These units range in weight 
from 63 to 118 pounds and have volumes 
of 2.0, 2.6, or 3.7 cubic feet. Their small 
size and light weight achieved by use of 
miniaturized components, plug-in and 
bracket assemblies which are easily re¬ 
movable, and aluminum structural parts 
make them transportable by any m^anc 
over any terrain and simplify handling by 
field personnel. Their division along cir¬ 
cuit functional lines allows multiple use 
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Fig. 5. Unattended repeater AN/TCC-11 



Fig. 6. Portable test set TS-712 


in the same or different systems. Manu¬ 
facture is facilitated and parts reduced by 
concentrating production on fewer items. 
Stock-piling is simplified for the same 
reasons. Subdivision into small units 
permits control of the amount of heat 
dissipated within a single unit and re¬ 
moves the necessity of forced-air ventila¬ 
tion in any but power supply units of the 
12-channel system. The required rug¬ 
gedness is built into the components, 
packaging, and structure. 

Each unit, with the exception of the 
unattended repeater and associated porta¬ 
ble test set (which will be covered later), 
consists of a transit case enclosing com¬ 
ponents assembled on a chassis in a shock- 
mounted framework. A typical transit 
case and framework are illustrated in 
Fig. 8. The cases are made in three sizes, 
all 18 inches wide by 20 inches deep but 
with heights of 9, 12, or 17 inches as re¬ 
quired. They are watertight aluminum 
shells with reinforced edges and gasketed 


> :v v 





Fig. 8 (right). 
Transit case and 
shock - mounted 
framework 


front covers. Interlocking nesting strips 
along top and bottom edges prevent slip¬ 
page when cases are stacked. Straps on 
the sides of the case act as convenient 
carrying handles during transit and as ver¬ 
tical ties between units in a stack. The 
framework, with rail-type rubber shock 
mounts along external edges on all sides 
except the front, fits into the case and is 
held therein by spring catches. Tracks 
on the inside of the frame are located to 
mate with roller slides on the sides of the 
equipment chassis. Rail-type shock 
mounts in the cover of the case bear 
against the front panel of the equipment 
chassis and complete the shock isolation 
of the unit on all sides during transit. 
A plate in the bottom of the frame 
equipped with spring clips provides for 
circuit label storage. 

Components, the building blocks for all 
circuitry and equipment, were carefully 
selected, not only by the usual criteria of 
circuit and mechanical reliability but also 
by size, weight, and shape. They were 
selected in miniature size where commer¬ 
cially available from military standard ap¬ 
proved lists. Where not commercially 
available to meet the particular require¬ 
ments of these systems, they were specifi¬ 
cally designed to meet the same rigid 
military requirements in the smallest 


possible size and most convenient shape. 
An example is the development, without 
size increase, of an improved right-angle 
connector with a larger, more accessible 
wiring chamber to accommodate the 
multiconductor cables made up of shielded 
single and paired conductors. Tech¬ 
niques of plastic encasement and plastic 
sealing of aluminum encasement were used 
wherever advantages in size or weight 
could be realized. 

Chassis on which components are as¬ 
sembled are drawer type equipped with 
roller slides for insertion into the shock- 
mounted framework. Automatic catches 
on the slides permit the chassis to be with¬ 
drawn only two-thirds of its depth by 
direct pull. At this point, the catches 
become accessible and can be manually 
released to permit complete chassis re¬ 
moval. The automatic catch guards 
against personnel injury and breakage of 
connecting cables. Fig. 9 illustrates the 
feature of partial chassis withdrawal with¬ 
out disconnecting the cables, which re¬ 
lieves front panel congestion by permit¬ 
ting location inside the chassis of line-up 
adjustments and in-service test jacks. 
Complete removal of the chassis gives ac¬ 
cessibility for maintenance. Although all 
chassis are basically the same, the detail 
of design is varied to fit each to its par- 


Fig. 7 (left). Artificial 
cable 
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Fig. 9 (right). Typical 
unit, chassis partially 
withdrawn 
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ticular job. Four chassis have been selec¬ 
ted for typical illustration. The rhsmnpl 
modem chassis shown in Fig. 10 is of strut 
and beam construction. This structure 
gives great strength and rigidity com¬ 
bined with light weight and also provides 
location devices for the relatively heavy 
channel plug-in assemblies. Fig. 11 illus¬ 
trates a conventional dishpan chassi s most 
suitable for single layer component as¬ 
sembly, with ready access to both appara¬ 
tus and wiring sides. By increasing the 
depth of the dishpan, a convenient space 
is made available for the storage of unit 
interconnecting cable, as illustrated in 
Fig. 12. A compartmented chass is pro¬ 
viding a central ventilated section for 
power equipment with shielded compart¬ 
ments on either side for tr ansmissi o n 
equipment is illustrated in Fig. 13. A 
specialized adaptation of a conventional 
dishpan chassis to a compact, folded as¬ 
sembly of components packed solidly on 
both sides of the chassis is illustrated in 
Fig. 14. Reinforcing channels across the 
open face of the dishpan serve the dual 


Fig. 10 (above). 

Channel modem 

chassis ___ 

purpose of strengthening and stiffening 
the chassis for double loading and also pro¬ 
vide support for auxiliary shield plates 
and plug-in component assemblies. A 
typical application of the plug-in princi¬ 
ple is illustrated here. Removal of plug¬ 
in assemblies and shield plates gives ready 
maintenance access to chassis wiring. 

The plentiful use of plug-in assemblies 
realizes valuable advantages in equipment 
compactness. Space normally required 
for maintenance access is utilized for 
mounting components without in any way 
impairing accessibility. The property of 
rapid removal and substitution with a 
minimum of service interruption elim¬ 
inates the necessity of on-the-spot re¬ 
pair. Multiple use of the same plug-in 
assembly in different parts of the equip¬ 
ment aids production and stock-piling 
and facilitates field reactivation of dis¬ 


Fig. 1 2. Cable storage underneath chassis 


abled equipment by reclamation of inter¬ 
changeable assemblies from other disabled 
equipment. In these equipments, 15 
different plug-in assemblies are used in 51 
different places which averages better 
than three uses for each assembly. It 
might also be pointed out that the main 
units and chassis assemblies themselves 
have these same plug-in characteristics 
and advantages. Figs. 15 and 16 illus¬ 
trate the wiring and apparatus sides re¬ 
spectively of typical multiple use plug-in 
assemblies. A channel modem unit, to¬ 
gether with three others in place on then- 
chassis, is illustrated in Fig. 17. This is 
the largest of the plug-in assemblies and 
includes its own section of the front panel. 
Though there are slight variations in com¬ 
ponents used, the structure of all 4-chan- 
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Fig. 14. Typical chassis, folded assembly type Fig. 15. Plug-in assembly, wiring side 


nel assemblies is duplicated for produc¬ 
tion reasons. 

Installation of the equipment is simple 
and rapid. It requires only the removal 
of covers, stacking of cases, and plug-in 
connections of line, power, and unit inter¬ 
connection cables. Connections between 
units are made by cables with one end 
permanently connected and the other end 
terminated in a plug connector. In use, 
the cables pass through slots in the con¬ 
taining unit front panel and their con¬ 
nectors mate with panel-mounted recep¬ 
tacles on other units. 

Unattended Repeater 

The unattended repeater is designed 
expressly for its exposed environment 
where it may lie on the ground or be 
strapped to a pole without shelter. Its 
installation is simple, requiring only the 
plug-in connection of the transmission 
cables. In case of trouble, another unit 
is substituted and it is returned to an at¬ 
tended location or depot for repair. It is 
a cylindrical unit 28 V 2 inches long and 10 
inches in diameter having a volume of 1.3 
cubic feet and a weight of 83 pounds. Its 
slim, cylindrical shape presents a curved 
surface less susceptible to injury from 
missiles or other moving bodies and gives 
it an unobtrusive silhouette. The casing 
is an aluminum casting, vacuum-impreg¬ 
nated to make it waterproof, with remova¬ 
ble end covers. Removable covers over 
ports on each end permit access for cable 
connection and line transmission testing. 
Webbing straps attached to the outside of 
the casing act as convenient carrying 
handles and as a means of pole mounting. 
The unit with its components disas¬ 
sembled and removed from the case is il¬ 
lustrated in Fig. 18. 

The shock mounting of this unit is 
somewhat unique both as to arrangement 


and material. Fiberglas cushion ma¬ 
terial was selected as most suitable to meet 
the requirements of shock. isolation for 
this unit. This material is composed of 
glass fibers coated with a phenolic binder 
and felted. It has little resistance to 
shear and provides only unidirectional 
cushioning. Its favorable characteristics 
are that it has no lateral expansion under 
compression, is exceptionally resilient, 
and will return to its original height even 
after being highly compressed. It has 
greater vibration damping effect than 
rubber and returns less energy to the 
equipment on rebound after impact. It 
is unaffected by wide temperature varia¬ 
tions, its characteristics remaining prac¬ 
tically constant over a range of —65 to 
165 degrees Fahrenheit. The shock isola¬ 
tion of the repeater was designed to use 
the material only in compression, thereby 


taking advantage of its favorable charac¬ 
teristics. Four rails, each supported by 
three shock isolation cushions in 2 -piece 
overlapping cup mountings buffered to 
limit shear, are mounted lengthwise in the 
casing spaced radially 90 degrees apart. 



Fig. 16. Plug-in assembly, apparatus side 



Fig. 17. Channel modem plug-in assembly together with three assemblies plugged into chassis 
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Fig. 18 . Unattended repeater, disassembled and removed from casing 


The rails are fastened at each end to the 
wall of the casing and preloaded to obtain 
the most favorable characteristics of the 
shock-isolating material and to space the 
rails correctly to admit the repeater 
chassis. A shock-isolation cushion in the 
shape of the circular column is located 
centrally on the inside of each end cover 
and is preloaded by being compressed 
against the end of the repeater pham<MQ as¬ 
sembly when end covers are screwed 
down. 

A number of passive components are 
assembled on a chassis called the filter 
section which is divided lengthwise into 
four quadrants. Identical amplifiers, on 
dishpan chassis of the same hexagonal 
outline as the end view of the filter sec¬ 
tion, plug into both ends of the filter sec¬ 
tion to compose the complete repeater 
chassis. Controls, connectors, lightning 
arresters, and other rugged components 
which do not require shock isolation are 
mounted on plates attached to the inner 
side of the casting end covers. The com¬ 
plete repeater chassis slides into the cas¬ 
ing between the shock mount rails. Two 


flexible cables from each end of the filter 
section are terminated in connectors, 
which fit into and are positioned by 
sockets on the side of the casing to mate 
with connectors on the end covers. With 
the end covers assembled, the repeater 
floats between rails and end cushions and 
is isolated from shock in all directions. 

The portable test set is 13*/s inches 
long, 9 7 / a inches wide, 7Vs inches deep, 
and weighs 19 pounds. It is cased in a 
waterproof aluminum box with carrying 
strap and removable cover. The face 
panel and hinged subpanel compose an 
integral chassis, illustrated in Figs. 19 
and 20 . This chassis is set into the case, 
with the face panel and the control shafts 


and cable passing through it, gasketed to 
allow use of the set in driving rain with 
the cover removed. In the interest of 
small over-all size, a rugged structural de¬ 
sign and the use of a ruggedized meter 
have permitted the omission of shock iso¬ 
lation in this set. 

Performance Tests 

To insure that the equipment would 
perform both mechanically and elec¬ 
trically under global conditions of tem¬ 
perature and humidity after encountering 
the vicissitudes of wartime transporta¬ 
tion, it was subjected to and successfully 
passed a series of gruelling tests. These 
tests included a cycling vibration test 
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Fig. 19 (left) 
Portable test set 
chassis 


Fig. 20 (right). 
Portable test set 
chassis, subpanel 
hinged open 
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over a frequency range of 10 to 55 cycles 
per second per minute with a total excur¬ 
sion of 0.016 inch, a shock test in which 
the equipment was subjected to shock by 
forces of 400,1,200, and 2,000 foot-pounds 
and a bounce test in which the equip¬ 
ment was subjected to free bouncing for 
a 3-hour period on a platform mounted on 
two synchronized eccentric axles moving 
so that any point on the table moves ver¬ 
tically and longitudinally in a 1-inch circle 
at a rate of 285 times per minute. In 
addition, it was subjected to storage tem¬ 


perature extremes of -80 to +160 de¬ 
grees Fahrenheit and required to perform 
electrically at full efficiency within the 
range of —40 to +131 degrees Fahrenheit 
at 95-per-cent relative humidity. 

Conclusion 

Careful attention to packaging, struc¬ 
ture, weight reduction, operational tech¬ 
niques, and end usage, co-ordinated with 
intensive circuit development, has re¬ 
sulted in rugged compact portable units, 


capable of easy installation, operation, 
and repair. The actual realization of 
these equipments which are particularly 
suitable for use in tactical areas makes 
available the basic building blocks needed 
for a military communications system. 

References 

1. Considerations for Development of New 
Military Carrier Telephone Systems, R. S. 
Boykin, J. H. Johnson, S. D. Bedrosian. AIEE 
Transactions, vol. 73, pt. I, Nov. 1954, pp. 503-06. 

2. New Military Carrier Telephone Systems, 
G. H.' Huber, W. F. Miller, C. W. Schramm. 
Ibid, pp. 515-25. 


No Discussion 


New Military Carrier Telephone Systems 

G. H. HUBER W. F. MILLER C. W. SCHRAMM 
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Synopsis: Military communication sys¬ 
tems have recently been developed for 
operation in tactical areas using carrier 
telephone channels on spiral-4 cable. This 
is part of an extensive program intended to 
increase the flexibility of the military com¬ 
munications network. Good transmission 
performance under all environmental condi¬ 
tions has been stressed. These projects 
make use of a new type of spiral-4 cable. 
The cable is to be laid in 1/4-mile lengths 
with or without loading coils at the junc¬ 
tions. A 4-channel telephone system using 
the carrier frequency range from 4 to 20 kc 
has been designed for operation on the 
loaded cable for distances of 100 miles with 
repeaters at about 25-mile intervals. A 
12-channel telephone system using the car¬ 
rier frequency range from 12 to 68 kc has 
also been designed for operation on the non- 
loaded cable for distances of 200 miles with 
main repeaters at about 40-mile intervals 
and with “power-over-the-cable” repeaters 
at about 6-mile intervals. These new low- 
loss channels make possible the use of 
multilink connections and the ultimate 
establishment of a comprehensive military 
communication network. The circuits have 
been developed for great reliability, with 
simple operating procedures, automatic 
alarms, good maintenance practices, and 
great flexibility as to usage. 

C ARRIER telephone technique or 
multiplex techniques, both fre¬ 
quency-division and time-division applied 
to wire and radio, are not new to military 
communication. One of the communica¬ 
tion standards of World War II, the CF-1 
carrier telephone terminal, was used with 
spiral-4 cable, open-wire, and radio in 
both the European and Asiatic theaters 
with much success. It was in continued 
demand so that, when the Korean cam¬ 


paign was in progress, these carrier tele¬ 
phone terminals were again put in pro¬ 
duction in substantial quantities and were 
produced until the middle of 1953, when 
the production of the AN/TCC-3, the new 
version of this carrier telephone technique 
application, was in quantity production. 
The AN/TCC-3 will give better trans¬ 
mission in a much smaller package, with 
components designed in accordance with 
the latest military specifications, and is 
built to provide four telephone-message 
channels plus one voice-frequency main¬ 
tenance channel. It is a self-contained, 
a-c operated, manually regulated carrier 
telephone terminal. The AN/TCC-5 is 
a repeater designed to extend the opera¬ 
tion of these terminals up to about 100 
miles. 

While the 4-channel system was being 
planned, a thorough study of the military 
communication needs was in progress. 
It was determined that, in addition to the 
4-channel system, an automatically regu¬ 
lated longer haul system with 12 channels 
was also needed. 

Fig. 1 illustrates a typical section of a 
probable military communication net¬ 
work with a main route of 12 channels 
built up of a combination of wire and 
radio links. The terminals may be simul¬ 
taneously connected to telephone, super¬ 
posed telegraph, low-speed picture, or fac¬ 
simile or other special services, while al¬ 
ternate use of several channels allow 
high-speed facsimile or data-transmission 
systems to use the wide band of this main 
route system. AN/TCC-7, the new 12- 
channel terminal, and AN/TCC-8 and 


AN/TCC-11 repeaters form this new 
spiral-4 cable carrier telephone system. 
( AN/TRC-24, a new radio set designed 
for multichannel operation, was also de¬ 
veloped as part of this communication 
plan and is described in a companion 
paper. 1 ) Each terminal and repeater of 
this 12-channel system is self-contained, 
a-c operated, and automatically regulated 
with sufficient precision to permit stable, 
low-loss operation of all channels with 
any type of service with up to 200 miles 
of cable in both arctic and tropic condi¬ 
tions. 

The 4-Channel System 

The 4-channel system has been designed 
for operation on the new loaded spiral-4 
cable or suitable radio relay links . How¬ 
ever, sufficient equalization range and 
flexibility have been incorporated for 
operation on open-wire lines and other 
media. 

The spiral-4 cable is loaded by including 
a 6-millihenry inductance as part of the 
coupling which joins the 1/4-mile cable 
lengths. The choice of loading induct¬ 
ance has been made to secure the desired 
attenuation and also to provide a line 
characteristic which was amenable to 
simple line equalization. It was also de¬ 
sired that the shape of the characteristic 


Paper 54-386, recommended by the AIEE Wire 
Communications Systems Committee and approved 
by the AIEE Committee on Technical Operations 
for presentation at the AIEE Fall General Meeting, 
Chicago, Ill., October 11-15, 1954. Manuscript 
submitted June 18, 1954; made available for 
printing August 17, 1954. 

G. H. Huber, W. F. Miller, and C. W. S chramm 
are with the Bell Telephone Laboratories, Inc., 
Murray Hill, N. J, 

As in many projects of this scope, the development 
has been the result of the efforts of many individ¬ 
uals. It is not possible to give individual recog¬ 
nition to each of these participants. However, the 
authors wish to acknowledge their contributions, 
recognizing that they were a necessary and essential 
part of the successful completion of this project. 


November 1954 


Huber , Miller , Schramm—New Military Carrier Telephone Systems 


515 






Fig. 2. Spiral-4 cable loss (CX-1065/G). 25 miles of cable with 
6-millihenry loading at 1 /4-mile intervals 


This gives a transmission medium with a 
cutoff of about 26 kc and with a loss of 
about 0.8 decibel (db) per mile at 20 kc. 

Four channels using carrier suppressed 
lower side-band transmission on carriers 
of 20, 16, 12, and 8 kc, plus a voice-fre¬ 
quency order circuit, are operated in this 
frequency range. The allocation is shown 
in Fig. 4. Means are also provided for 
the use of the entire spectrum for wide¬ 
band transmission. 

The system may be operated on the 
spiral-4 cable for distances of about 100 
miles with repeaters at 25-mile intervals 
with normal transmission levels. When 
conditions warrant, the span can be in¬ 
creased to 35 miles by the operation of a 
key giving 10 db higher output level. 

The terminal (AN/TCC-3) consists of 
two units, and the repeater (AN/TCC-5) 
is housed in one unit. These are shown 
in Figs. 5 and 6 respectively. The chan¬ 


ting band filters as is customary in fre¬ 
quency-division systems. The combined 
signals are amplified and sent on to the 
line. At the receiving end, the line equal¬ 
izers supply losses complementary to that 
of the cable, giving a flat input to the re¬ 
ceiving amplifier. The channel band 
filters select the proper channels, the sig¬ 
nals are demodulated, and voice ampli¬ 
fication gives the desired circuit loss. 
These channels may be operated 2-wire 
by the optional use of the 4-wire terminat¬ 
ing networks which are included within 
the equipment. 

A number of auxiliary circuits are also 
necessary to form a complete terminal 
suitable for operation as part of an iso¬ 
lated communication facility. These are 
as follows: 

1. The order circuit which consists of 
filtering, limiting, and terminating equip¬ 


ment, a telephone set, a ringer-oscillator for 
signalling on the order wire at 1,600 cycles, 
and a series of keys to permit talking and 
monitoring on any of the carrier channels. 

2. The carrier supply which consists of a 
16-kc crystal oscillator, frequency-dividing 
circuits, 4-kc harmonic generator, and out¬ 
put filtering circuits. 

3. The power supply containing a filament, 
plate, and bias supplies derived from 110- 
or 220-volt a-c input with a tolerance of 
±10 per cent. The supplies for both 
terminal and repeater were designed as non- 
regulated supplies to save weight and size. 

4. Measuring circuits consisting of a test 
oscillator with detectors at terminals and 
repeaters and means for applying and 
measuring test signals at various line-up 
points in the system. 

5. The system alarm consisting of a 4-kc 
pilot transmitted over the line and tuned 
detector at the receiving terminal. An 
alarm is given when the received pilot drops 
below normal. 


nel modem (modulator-demodulator) unit 
of the terminal is a basic modulating step 
applicable to this and other multi channe l 
carrier telephone systems. It also forms 
part of the AN/TCC-7 12-channel system. 
The second unit in the terminal contains 
the common amplifying and equalizing 
equipment, as well as the power supply 
and auxiliary circuits. Many of these cir¬ 
cuits are used also in the repeater. 

The block schematic of the terminal is 
shown in Figs. 7 and 8 and indicates the 
principal transmission paths. The ter¬ 
minal carrier supply is shown in Fig. 8. 
It will be seen that the four channels are 
combined at the output of their transmit- 


Fig. 3 (right). Spiral-4 
cable loss (CX-1065/ 
G). 25 miles of cable 
with 6-millihenry load¬ 
ing at 1 /4-mile intervals. 
Loss change with tem¬ 
perature (relative to 
loss at 50 F) 



FREQUENCY IN KILOCYCLES PER SECOND 


Fig. 4 (right). 
Frequency allo¬ 
cation of 4-chan- 
nel system 
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AN/TCC-3 terminal: 
system 


4-channel 


The block schematic shown in Fig. 9 
gives the transmission paths and some of 
the auxiliary circuits used at the repeater. 
The circuit treatment is similar to that of 
the terminal; in fact, many plug-in equip¬ 
ment units are used in common. 

Each of the carrier channels provides a 
high-grade message circuit with a fre¬ 


quency band between 300 and 3,500 cycles 
per second. Fig. 10 shows a typical 
band attenuation characteristic and Fig. 
11 shows the corresponding delay charac¬ 
teristic. The channel performance is 
comparable with that of the long-haul 
commercial telephone channels in use 
today. It should also be noted that the 
objective of operating these military chan¬ 
nels with a nominal 3-db circuit loss (2- 
wire) imposes severe transmission require¬ 
ments on the band shape, the channel 
stability, and the terminal balances. 
The objectives are similar to the modem 
commercial telephone low-net circuit loss 
operation. 

Signalling over the carrier channels 
is provided by auxiliary Signal Corps 
equipment. The order circuit also has 
good transmission performance and a high 
degree of flexibility so that the attend¬ 
ants can maintain the system with or 
without radio links and can ring each 
other even when the circuit losses become 
quite high. The "special service” trans¬ 
mission is flat to ±5 db from about 4 kc 
to 20 kc. 



AN/TCC-5 repeater: 
system 


4-channel 


The ability to maintain the transmis¬ 
sion of the carrier channels on an "in- 
service” basis without automatic regula¬ 
tion has been achieved by the system of 
line equalization involving “flat gain” 
control at 1,000 cycles. It is thus pos¬ 
sible by measuring and adjusting tin* 
transmission on the order circuit to hold 
the carrier channels to their proper net 
losses. 

Other features of this system are: 

1. A ruggedized basic modem utilizing 
plug-in channel units with performance 
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Fig. 7. Block diagram of 4-channel terminal 
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IN DECIBELS 


comparable to that of the commercial 
equivalents. 

2. A modulator and demodulator with good 
transmission characteristics including pre¬ 
scribed overloading shape stabilized with 
temperature, excellent carrier balances 


FREQUENCY DIVIDER 
CIRCUIT 


without adjustments, and uniformity in 
manufacture. 

3. A compact plug-in carrier supply re¬ 
quiring no field adjustments using a rugged 
stable crystal with regenerative divider 
circuits and efficient harmonic generator. 
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Rj. 8. Block diagram of 4-channe! 
carrier supply 
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4. Line amplifiers having good stability 
with power, temperature, and tubes; high 
useful output with low distortion and 
economy of power. These amplifiers are 
interchangeable as to "transmitting,” "re¬ 
ceiving,” or "line amplifier” function and 
mount on a p.lug-in basis. 

5. A ringer-oscillator, used in the order- 
wire circuit, combining the sending-receiv¬ 
ing function in the same two tubes with 
reliable and interference-free operation. 

6. A system alarm covering all equipment 
in the common path for all channels and 
operating at a carrier frequency (rather than 
direct current) to give coverage for the 
intervening radio links. This employs a 
high gain, 1-tube circuit making use of a 
stable reflex feature. 

7. Line equalization giving independent 
fiat, slope, and bulge correction under man¬ 
ual control when adjusted in the appropriate 
sequence. 

8. Measuring circuits capable of all essen¬ 
tial transmission checks which are simple, 
stable, and self-contained in the main 
equipment units. 


. /- TO CH 3 

J |f" MOP ^~ The 12-Channel System 


The 12-channel system provides a 
means of transmitting a band of frequen¬ 
cies 48 kc wide over nonloaded spiral-4 
cable equipped with carrier repeaters or 
over a suitable radio relay system. This 
band will carry 12 high-grade voice-fre¬ 
quency message channels derived from 
three modem units of four channels each, 
the same as those used in AN/TCC-3 ter¬ 
minals. Any of the 16-kc bands normally 
occupied by four channels as well as the 
whole 48-kc band may be used for special 
services such as high-speed facsimile and 
data transmission. In addition to the 12 
channels, a voice-frequency order circuit 
is provided for maintenance purposes. 

As is seen in Fig. 12, the block sche¬ 
matic of the AN/TCC-7, three steps of 
modulation are used. The initial step is 
equivalent to that used in the 4-channel 
system. The second step raises the 
channels to the 60 to 108-kc band, and 
the third step translates the channels to 
their line frequencies. Carrier frequen- 
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cies of 8,12, 16, 20, 56, 72, 88, and 120 kc 
needed for these steps of modulation are 
all derived from a 64-kc thermistor-sta¬ 
bilized crystal-controlled oscillator. 

The system is made up of telephone ter¬ 
minals AN-TCC-7, attended repeaters 
AN/TCC-8, and unattended repeaters 
AN/TCC-11, as shown in Figs. 13,14, and 
15 respectively. A typical cable system 
layout is shown in Fig. 16. With unat¬ 
tended repeaters spaced at intervals of 
6*/4 miles and attended repeaters spaced 
at 40 miles, a system of this type can be 
extended to 200 miles. Five of these 200- 
mile links may be connected in tandem to 
form a multilink circuit which meets the 
established performances for long-haul 
toll circuits. s-6 As the channel equip¬ 
ment is the same as in the AN/TCC-3 


equipment and as the other parts of the 
system introduce distortions erf less than a 
few tenths of a db, the channel transmis¬ 
sion performance is about the same as 
that previously shown in Figs. 10 and 11. 
The transmission of the 48-kc band will 
be equalized to well within ±2 db for 
a 200-mile system and the automatic 
regulation will hold this band to better 
than ±3 db for at least a ±30-degree tem¬ 
perature change. For greater tempera¬ 
ture changes, manual "slope” and "bulge” 
adjustments are provided to supplement 
the automatic regulation. 

Power for a maximum of three unat¬ 
tended repeaters is supplied from a ter¬ 
minal or in both directions from an at¬ 
tended repeater. Power is applied to the 
line at a constant current of 100 milli- 


amperes at a nominal voltage of 600 volts. 
Fig. 17 shows a typical power loop circuit. 
High- and low-voltage alarm circuits 
operate relays which automatically re¬ 
move voltage from the cable to provide 
protection to personnel. 

Complete transmission testing facilities 
are provided as part of the terminal and 
attended repeater equipment. These 
measuring sets plus a portable test set 
for in-service testing of the unattended, 
repeater provide means for complete sys¬ 
tem line-up and maintenance. The 
measuring sets at the attended points in¬ 
clude equipment to check the modulation 
performance of the carrier repeaters, as 
well as a means for locating faulty un¬ 
attended repeaters. A unique feature of 
the portable test set is a transistor oscilla- 



Fig. 13 (left). 
AN/TCC-7 ter¬ 
minal: 12-chan¬ 
nel system 


Fig. 14 (right). 
AN/TCC-8 re¬ 
peater: 12-chan- 
nel system 


tor used as a 1,600-cyde-per-second sig¬ 
nalling source powered from the rectified 
output of the lineman’s hand-operated 
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Fig. 15. AN/TCC-11 re¬ 
peater: 12-channel system 


generator. This makes use of the rapid 
starting property of the transistor and is 
probably one of the first applications of a 
transistor in quantity-produced military 
equipment. Cable test equipment is 
supplied as a separate facility. 

The system was designed for use on a 
nonloaded spiral-4 cable. Fig. 18 shows 
the loss-versus-frequency characteristic 
of 5*/4 miles of cable at 45 degrees Fahr¬ 
enheit (F). 

The highly uniform production of the 
cable made possible by an excellent design 
results in a cable with a uniform loss-fre¬ 
quency characteristic and low capacity 
unbalances as reported in a companion 
paper. 7 The uniform loss-frequency 
characteristic allows the successful opera¬ 
tion of a system using only one pilot fre¬ 
quency to automatically regulate the sys¬ 
tem. The low capacity unbalances result 
in a working system with noise a near- 
and intrachannel crosstalk (echo) well 
within the design objectives. 

A line-frequency spectrum of 12 to 60 
kc was chosen to obtain a relatively 
smooth response. Because of the low 
capacity unbalance between pairs of 
the cables, a repeater spacing of 5 3 /< 
miles is permissible when the 12 to 60-kc 
band is used for both directions of trans¬ 
mission. This results in satisfactory 
near-end intrachannel crosstalk (echo) of 
over 25 db for an over-all 200 mile system. 
Only about a 10-per-cent reduction in re¬ 
peater spacing was necessary to allow the 
use of the same frequency band for both 
directions of transmission. This per¬ 
mitted both terminals to be alike and sim¬ 
plified installation and maintenance. 

A maximum spacing of 40 miles be¬ 
tween attended points was controlled by 
two considerations. It did not appear 
desirable to exceed 600 volts on the line, 
and this was about the maximum dista nce 
an order circuit could be operated with¬ 
out repeaters. The order circuit is made 
independent of the carrier amplifiers be¬ 
tween attended points in order to obtain 
maximum reliability. The voice-fre- I 
quency order circuit is by-passed around I 
the carrier amplifier at each unattended I 
repeater by high-pass, low-pass filters as I 
shown in Fig. 19. The voice-frequency 1 
order circuit loss characteristic for 40y 4 


miles and 17y 4 miles of cable with and 
without repeaters is shown in Fig. 20. 
The contribution of the repeaters to the 
distortion shown in this figure is merely 
that of the by-pass filter sets. 

The terminal transmitting equipment 
spaces the 12 message channels in the 12 
to 00-kc band for delivery to the cable. 
The steps for this translation are shown in 
Fig. 21. The voice frequencies are first 
translated to the 4 to 20-kc range by three 
sets of channel modem units which are 
the same as the AN/TCC-3 channel 
modem units. These three 4 to 20-kc 
bands are then translated to the 60 to 
108-kc range on the upper side bands of 
carriers of 56, 72, and 88 kc. The 60 
to 108-kc band is then translated down to 
the 12 to 60-kc range by a modulator with 
a 120-kc carrier. In the receiving direc¬ 


tion the steps by which the 12 message 
channels are demodulated to voice fre¬ 
quencies from the 12 to 60-kc band are the 
reverse of those shown in Fig. 21 and de¬ 
scribed in the foregoing. 

The equalization of this system has been 
arranged to give a flat response over a 
200-mile system with all cable sections 
and repeaters at a temperature of 45 F. 
Fig. 22 shows the various carrier ampli¬ 
fiers and Fig. 23 (A), (B), and (C) show 
the arrangement of the equalizer networks 
in the system. All amplification in the 
system is essentially flat. The basic 
equalizer provides loss which compen¬ 
sates for the loss-frequency characteristic 
of 5 3 / 4 miles of cable at 45 F. The devia¬ 
tion equalizers correct the various devia¬ 
tions at the attended points plus the 
error of the basic equalizers to exactly 
compensate for the cable loss. As part 
of the attended points, adjustable cable 
loss is provided in steps over a range from 
1/4 to 5 l / 4 miles. These “building-out 
networks” allow flexibility in the position¬ 
ing of attended points in the system. In 
addition to these equalizers, flat, slope, 
and bulge adjustments are provided to 
compensate for the deviation of the cable 
characteristic and the repeaters from the 


TELEPHONE 

TERMINAL 

AN/TCC-7 


TO SWITCH¬ 
BOARD 
12 MESSAGE 
CHANNELS 


REPEATER 

AN/TCC-11 


REPEATER 

AN/TCC-8 


TELEPHONE 

TERMINAL 

AN/TCC-7 


REPEATER 

AN/TCC-11 


| REPEATER | 

| REPEATER ! 

1 AN/TCC-11 

AN/TCC-11 I 

TWO OTHER 
AN/TCC-11 
REPEATERS 
AT5f 



FOUR OTHER 1 
AN/TCC-11 
REPEATERS 
AT5f | 

*. l7 i , 

t 5 


1 

MILES ~ 

'miles' 

MILES 

miles’^" 


TO SWITCH¬ 
BOARD 
12 MESSAGE 
CHANNELS 


Fig. 16. Typical arrangement of equipment in a 12-channel system 


TELEPHONE TERMINAL 
__AN/TCC-7 


I SPIRAL-r 
FOUR 



^^LEPHOjg^»eATER^ ^TELEP^N^REPEATER 

REPEAT repeat imr reppIt UNE I 


SWITCH IN 
AMP TUBE IPWR THRU I 
HEATERS POSITION 


TO ’ 
RECEIVING 
CIRCUITS.. 




SWITCH IN 
AMP TUBE l~PWR l60Pl 
HEATERS POSITION 


I LINE LINE 

ter *«£2 is 1 


TO NEXT 
TELEPHONE 
REPEATER 
AN/TCC-11 


-1 |-“J 

Fig. 17. Typical power loop 


Huber, Miller, Schramm—New Military Carrier Telephone Systems November 1954 












z£uiU- s 

2^Si$ ! ! 




e ig |« 

=» iS —I £ 


SI IT 


1 iff53^r 

_i&u pnsiTH 
jTTuj I T~ 

i i 

tfgm-H-4~ 

s if*U- 


> > 368 


i l? i 2 

3 -»2 iSE 


2 I > 10 t- U) 

g q< Sjg 

=! -Jfl- x£ 


ZUJg “VJUUO'” 

_j 

~rM 

j 


2 5 8 |S § £ g 

”i t n T— n —r 

iff H 


= oHJ 
l W 2<J 

8§S5 

INS 

< -Jfl* 


h q y ^ z > 2 >7 

fill M 1.5 si 

o a o s / - 1 —\/- ~ 1 v 

% g K a. -*• B0E1SEJ00SBS0E! 

§ £ al ' tFTT 

__ J o\2 UJ 

""" — . . ./ W ju2 

a 0 - 


vi 

m 

DoS 
„ 2 2 z 

o§2® 

5 a O 2 - 

CO £ h- <0 

0 . o S- 
I- <0 CL 


► S00ES00ES0®□ 


10 - 

£ X10 

{“ O<0 

l~l — < 


ffi I > <0 110 

I $2 12 


S(f at 
os§ ogB 

^4! c_ Q M 


Ul UJ 
-I -I 
Ul UJ 

h- h- I— 
in «> 
in g 

si 

» « in 

ill 

c J 

I s ” 

r -3 ! 


ffiS S8 ! 

els s«3 I 

-_L°_iL u J 


j hui!^ 2! 

l! ?|f ?l 

£ its £ * 

2 < £•* 


!3% 

£C m UJ 

KX5S°Z 

J5Sn2 

Kli. 

“-O 


8*2 N « M / 


2 to 

o a 

$*< 

rf§se 

Z UJ Q 

5^2 

ri 

o 


a,—>• 

“■< I 
ax 

uiu 



>< J ■ V; 1 

IK:''!; 


fri 

J-h- '!■•: 








H 



■■■ 



_x_ 



Bin 



am 



ns 



Htt 

■ 


umma 


in 

urn 

v 


■i 

mm 



■B! 


■1 

■i 



snaeioaa ni ssoi 


j "j ^ n 

S13QI03a NI sscn 


O 10 o «0 •© 

n> 10 CVJ <y — — 


November 1954 


Huber, Miller, Schramm—New Military Carrier Telephone Systems 














design center values. Slope and bulge 
characteristics are shown in Figs. 24 and 
■® a ^> slope, and bulge are also 
use 1 for equalization of temperature de¬ 
viations, as will be discussed later. 


The objective that transmission for a 
200-mile system should be uniform within 
±2 db imposes a severe requirement on 
the individual repeaters. With a 5 3 / 4 - 
mile spacing, 35 are required in a 200-mile 
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Fig. 22. Arrangement of carrier amplifiers: 12-channel system 
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circuit and the tolerance is only ±0.06 db 
per repeater. Fig. 26 shows the pre¬ 
dicted transmission characteristic for a 
200-mile system after line-up. The de¬ 
viation in transmission is ±0.75 db. 

When the temperature varies, the rftHe 
attenuation changes in a predictable 
manner. Automatic regulation supple¬ 
mented by manual adjustments com¬ 
pensate for these attenuation changes. 
Fig. 27 shows the variation of loss with 
temperature for 5 8 / 4 miles of cable. Fig. 
28 shows the relative loss at 130 F and 
—40 F with respect to the loss at 46 F 
of 5 3 /< miles. Most of the temperature 
change, approximately ±2 db, is a flat 
change and there is only about 0.3 db 
of slope and a similar amount of bulge. 
In terms of a 200-mile system with a total 
of about 800 db of cable loss, this amounts 
to a change of ±70 db flat and ±10 db 
of slope and bulge. This emphasizes 
need for automatic regulation. 

Fig. 29 is a block representation of the 
12-channel system, showing the arrange¬ 
ment of the regulating circuits. The un¬ 
attended repeater automatically com¬ 
pensates for attenuation changes by 
means of an ambient temperature sensing 
thermistor. The resistance of the ther¬ 
mistor controls the loss of the negative 
feedback network of the line amplifier. 
The variations in amplifier gain with ther¬ 
mistor temperature are designed to co¬ 
incide with the variations in loss of 5 3 / 4 
miles of cable over the same temperature 
range. Thus, if the thermistor tempera¬ 
ture follows the cable temperature, cor¬ 
rection of the cable loss variations will be 
obtained. This compensation is only 
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Fig. 23(B), Terminal AN/TCC-7: equalizing networks 
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Transmission characteristics of 200-mile system at 
unattended repeaters 20 F from cable temperature 
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RELATIVE INPUT TO REGULATING NETWORK IN DECIBELS '° 

Fig. 32. Output versus input of regulator circuit at attended point 
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Fig. 33. Predicted transmission characteristics of 200-mile systenfat 
45 r+30 F. System lined up at 45 F 


75 


FREQUENCY IN KILOCYCLES PER SECONcf 

Fig. 31. Relative loss versus thermistor resistance of regulating 
network at attended point 



approximate as the temperature of the 
cable and repeater will vary from each 

other. An error of 2.4 db at 68 kc would 

exist if the temperature of every one of the 
six repeaters in the section between at¬ 
tended points differed from the cable 
temperature by 20 F. The shape of the 
error curve is the same as the shape of 
the cable change with temperature. This 
error will be regulated out by the dynamic 
regulator at the attended station. Fig. 

30 shows the predicted performance for a 
200-mile system assuming that all un¬ 
attended repeaters are leading or lagging 
the cable temperature by 20 F. 

The dynamic regulator at the at¬ 
tended points operates under control of a 
68-kc pilot transmitted from the terminal. 

The 68-kc pilot is picked off at the out¬ 
put of the attended station amplifier, then 
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amplified and rectified. The rectified 
voltage is used to control the loss of the 
regulating network by varying a thermis¬ 
tor element. This regulator network like 
that in the unattended repeater has a 
loss-frequency characteristic that com¬ 
pensates for the cable attenuation varia¬ 
tions with temperature. Fig. 31 shows 
this loss characteristic. This shape also 
matches the temperature deviations not 
compensated for by the unattended re¬ 
peater. Therefore, these deviations are 
mopped up at the attended points. The 
regulator will operate over a ±5 db of 
input variation to produce less than a 
=t0.5 db output variation and will control 
over a wider range as shown on Fig. 32. 
The predicted performance of a 200-mile 


15 20 25 30 35 40 45 SO 55 6 ' 0 6 ' 5 7 L 

FREQUENCY IN KILOCYCLES PER SECOND 

Pred5cted transmission characteristics 
of 200-mile system at 125 F±30 F. System 
lined up at 125 F. Two steps of slope equal¬ 
ization for 200 miles; one step of bulge 
equalization for 200 miles 


system operating with a ±30 F tempera¬ 
ture change is shown in Fig. 33. SitniW 
results are predicted at line-up tempera¬ 
tures of 125 F and -30 F; see Figs. 34 
and 35. 

Design Features 

1. Both the 4- and 12-channel systems 
use the same first step of modulation. 
This step of modulation with other suit¬ 
able subgroup and group modulations 
could be used to form other systems. 
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Fig. 35. Predicted 
transmission charac¬ 
teristics of 200-mile 
system at —30 F+ 
30 F. System lined 
up at — 30 F. One 
step bulge equaliza¬ 
tion for 200 miles; 
no slope equaliza¬ 
tion 


2. The combination of the first and 
second steps of modulation in the AN/ 
TCC-7 terminal form a 12-channel group 
of 4-kc spaced channels similar to that 
which is used in the long-haul Bell System 
J, K, and L systems. This 60 to 108-kc 
group is internationally recognized and 
could be a patch point between military 
and both American and European long- 
haul carrier telephone systems. 

3. Built-in test features in both sys¬ 
tems permit all normal maintenance 
while the channels are in service. 

4. In the 4-channel system, all normal 
regulation can be accomplished by adjust¬ 
ment of a single flat gain control. By 
adjusting transmission on the order cir¬ 
cuit, it is possible to control the transmis¬ 
sion of the carrier channels. 

5. In the 12-channel system, the regu¬ 
lation is precise and automatic for as 
much as ±30 F from the line-up tem¬ 
perature. Compensation or realignment 
for further temperature change can be 
made by measurement of test pilots intro¬ 
duced between channels during regular 
operation of all 12 channels. Routine 
gain checks and even filament activity 
checks of the unattended repeaters can 
be made during all service conditions. 

6. All measurement or maintenance 
of carrier unbalances is unnecessary as 
the primary modulator elements are 


selected at the time of manufacture and 
stabilized by added resistors and ther- 
m stors. 

7. Other thermistors stabilize the loss 
and the limiting characteristics of the pri¬ 
mary modulators over the entire tempera¬ 
ture range. 

8. Stable crystal oscillators generate 
the base frequency in both systems. 

a. The 16-kc oscillator in the 4-channel 
terminal is sufficiently stable so that without 
field adjustment the difference between the 
carriers of any two terminals will not exceed 
±2 cycles. 

b. The 64-kc oscillator in the 12-channel 
terminal is temperature-controlled by a 
thermistor. This oscillator is stable to ±3 
parts in 10*; however, in system operation 
all frequencies at the two terminals are de¬ 
rived from the control terminal. No field 
adjustment of frequency is necessary. 

9. Both systems are designed with 
excess bulge and slope equalizer range 
to that other transmission media may be 
used. 

10. Use of the latest techniques in 
plastic sealing have resulted in many new 
miniaturized components, all complying 
with the latest military specifications. 

Conclusions 

Two carrier telephone systems have 
been developed to meet the severe design 


objectives of military usage. Channel 
performance equal to that of the best 
commercial systems, suitable for multi¬ 
link operation with telephone, telegraph, 
or facsimile has been attained with highly 
miniaturized and ruggedized equipment. 
The frequency selectivity and frequency 
stability required to permit efficient use 
of the frequency spectrum has been 
achieved by the development of new com¬ 
ponents and by the application of group 
modulation techniques. The stability 
with time and temperature has been ob¬ 
tained by the liberal use of thermistors 
and negative feedback. The develop¬ 
ment of these new carrier telephone sys¬ 
tems, together with the associated de¬ 
velopment of new spiral-4 cable and new 
linear radio sets, forms a basis for a com¬ 
prehensive military communication net¬ 
work. 
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A New Ultra high-Frequency 
Multichannel Military Radio 
Relay System 


JOHN G. NORDAHL 

NONMEMBER AIEE 


LA ANY items must be studied in de- 
ItI signing a new radio set, and a large 
amount of information and data must be 
obtained which can therefore be exhibited. 
However, the practical confines of this 
paper make it possible to cover only in a 
general way the major items which may 
be of interest to other development en¬ 
gineers. Accordingly, this paper will 
first outline what the new military radio 
relay equipment does and what it con¬ 
sists of; then briefly describe the circuits 
of the major units; after which much of 
the text will cover the important and diffi¬ 
cult problems of distortion and noise 
which so directly affect multichannel 
systems performance; and will dose with 
a few remarks concerning some of the 
systems’ problems and their solutions. 
In a companion paper V. I. Cruser 1 de¬ 
scribes the many equipment features of 
this radio set. 

A paper by Ribe and Brown 2 discusses 
the military requirements for the AN/ 
TRC-24 radio set as a system, and notes 
the considerations involved in establish¬ 
ing the specification requirements. It 
was up to those in the development lab¬ 
oratory, then, to attain those require¬ 
ments in actual equipment. There was 
no earlier radio set upon which the design 
could be directly based. It was necessary 
to start with a fresh viewpoint and work 
up to a complete radio system, from 
power supply, through the radio equip- 

recommended by the AIEE Radio 
Systema Committee and approved 
by the AIEE Committee on Technical Operations 
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ment, to the antennas. Many mechani¬ 
cal problems were intertwined with elec¬ 
trical requirements and each electrical re¬ 
quirement was affected by others. Ac¬ 
cordingly, the project was necessarily 
set up on a project engineer basis. With 
the co-operation of Signal Corps en¬ 
gineers, it was possible to decide early 
in the development period on a general 
course of action which ultimately led to 
the present design. 

Description 

Radio Set 

The AN/TRC-24 radio set consists of a 
radio transmitter, a radio receiver, an¬ 
tenna system, power supply, and acces- 
soiy units which provide radio transmis¬ 
sion and reception on a large number of 
frequency-modulated radio channels in 
two frequency bands: 100 to 225 mega¬ 
cycles (me) and 225 to 400 me. The two 


paratus the relatively wide base band 
needed for 4- and 12-channel carrier tele¬ 
phone transmission can also be used for 
facsimile, teletype, data transmission, 
etc. The antenna and radio equipment 
were designed with the objective of at¬ 
taining a 50-decibel signal-to-noise ratio 
in the carrier telephone channels for one 
radio jump. This corresponds to a sig- 
nal-to-noise ratio of about 34 decibels in 
the carrier channels, for a 1,000-mile 
radio relay system having favorable re¬ 
peater locations, and equipment spatings 
of about 25 to 30 miles. 

The major packages developed for this 
radio set and the interconnection of the 
operating units are shown in Fig. 1; the 
equipment is shown in its simplest form. 
Actually, a complete repeater or ter¬ 
minal station will have spare equipment, 
and a repeater station will also employ 
additional equipment for transmission 
and reception in two directions, as noted 
in the Ribe and Brown paper. 2 

Radio Transmitter 

The circuit problems were mainly en¬ 
countered in the more complicated units: 
the transmitter and the receiver. A block 
diagram of the transmitter is shown in 
Fig. 2. The radio transmitter starts with 
a dean-up filter and level control in the 
input circuit block, and a base-band am¬ 
plifier, the output of which frequency- 
modulates an oscillator by means of react¬ 
ance tubes. The modulated output then 
passes through a series of buffer amplifier 
stages to driver amplifier, multiplier, and 
power amplifier stages and to the antenna. 
The transmitter delivers over 100 watts 


frequency bands are completelv covert t transmitter delivers over 100 watts 
by the L * 


by the use of continuously adjustable 
plug-in tuning units. Each radio chan¬ 
nel wiH carry up to 12 4-kc carrier tele¬ 
phone channels plus a control or order 
wire channel. With suitable terminal ap- 
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it is possible to reduce the power to as low 
as 10 watts by means of a control on the 
power supply panel. 

The oscillator frequency was made as 
high as practicable to reduce the number 
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of spurious radiations. It and the buffer 
amplifiers operate over a frequency range 
of 60 to H 2 V 2 me, so by doubling once 
or twice in the later amplifiers each of the 
two frequency bands may be covered. 
Other frequency bands may be covered, 
of course, by suitable design of the tuning 
units. This also means that the fre¬ 
quency deviation and channel spacing 
vary with the frequency band or timing 
unit used. 

The transmitter oscillator is con¬ 
tinuously tunable, but once adjusted its 
frequency is maintained by means of an 
automatic-frequency-control capacitor on 
the shaft of a geared-down motor which 
receives its control signal from the circuits 
indicated in the lower right of the block 
diagram in Fig. 2. Here a quartz crystal 
oscillator operating into the pulse ampli¬ 
fier and pulsed oscillator produces a 
“picket fence” of output frequencies. 
Each picket is spaced 1/2 me from its 
neighbors. The oscillator frequency is 
beat against one of the picket frequencies 
to produce a lOVs me signal. This signal 
is passed through an intermediate-fre¬ 
quency amplifier, a discriminator, and a 
60-cyde modulator-amplifier for control 
of the automatic-frequency-control motor. 
By operating the pulsed oscillator above 
and below the oscillator frequency it is 
possible to control the oscillator frequency 
at 1/4 me intervals even though the 
pickets are 1/2 me apart. The trans¬ 
mitter also contains order wire, metering, 
and alarm circuits which provide for con¬ 
trol, adjustment, and surveillance of the 


Table I. Systems Data 



B Band 

C Band 

Frequency range, me. 

.100 to 225..223 to 400 

Channel spacing, me. 

.0.6 

..1.0 

Number of channels. 

.260 

..176 

Frequency deviation, kc... 

. ±240 

,.±400 

Modulation. 

. Modified frequency 
modulation 

Base-band channels. 

Base-band frequency range, 

. 1 speech and 4 or 12 
carrier telephone 

cycles per second. 

Signaling frequency, cycles 

260 to 68,000 

per second. 

Line-up frequencies, cycles 

1,600 

per second.. 

1,000 and 68,000 
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operation during service as well as at the 
test bench. 

The channel spacing, number of chan¬ 
nels, and frequency deviation determined 
by this transmitter design are indicated 
in Table I, together with some other sys¬ 
tems data which will be useful later in 
this paper. 

Radio Receiver 

A block diagram of the receiver is shown 
in Fig. 3. It is a single conversion super¬ 
heterodyne having plug-in tuners for 
covering the frequency bands mentioned 
previously, a 6-stage intermediate-fre¬ 
quency amplifier, a 2-stage limiter, a dis¬ 
criminator, a base-band amplifier panel, 
and an automatic frequency control am¬ 
plifier and motor circuit to keep the 
receiver locked onto the incoming r-f 
signal. The receiver also includes order- 
wire amplifiers, metering and alarm cir¬ 
cuits, and circuits for checking the opera¬ 
tion of the radio receiver while in use as 
well as on the test bench. 

Much effort was expended on the re¬ 
ceiver r-f tuners to reach optimum noise 
figure, gain, selectivity, and oscillator 
stability. The oscillator for the 100- to 
225-mc band is ganged to and uses the 
same type of tuning elements as the r-f 
circuits. However, the oscillator for the 
225- to 400-mc band is. of the butterfly 
type and separately tuned from the r-f 
stages. This design was chosen so that 


emphasis could be placed on obtaining 
the high oscillator stability needed to 
meet the test and operating requirements 
set up by the Signal Corps. As an aid in 
setting the receiver to frequency, a “cali¬ 
brator” circuit is provided which produces 
signals at 11-mc intervals throughout the 
bands during dial adjustment or calibrat¬ 
ing procedures. More will be said later 
about the intermediate-frequency ampli¬ 
fier and the discriminator. The limiter, 
together with the discriminator, have 
been made wide band as compared to the 
intermediate-frequency in order to im¬ 
prove adjacent channel interference 
characteristics. 

Interchannel Crosstalk 

It was realized from the first that the 
major development effort would have to 
be concentrated on reducing distortion 
in order to meet the interchannel cross¬ 
talk objectives. The distortion require¬ 
ments were such that no available measur¬ 
ing equipment was good enough from this 
standpoint. In fact, the distortion 
through a system of one transmitter and 
one receiver had to be approximately an 
order of magnitude lower than anything 
we had done before. 

Measurement 

The technique employed for deter¬ 
mining whether or not the system cross- 


Fig. 4. Passbands 
of filters employed in 
the measurement of 
system interchannel 
crosstalk ratio, in re¬ 
lation to pilot, order- 
wire, • and carrier 
frequencies 
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Effect on Operating Procedures 

A typical curve of interchannel cross¬ 
talk ratio versus wide-band noise input 
level ts shown in Fig. 6. For these data, 
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the pre- and de-emphasis characteristics 
mentioned previously were employed, and 
the receiver was operated at a high r-f 
input to eliminate fluctuation noise from 
the measurement. Note that the inter¬ 
channel crosstalk ratio, shown as an S/D 
ordinate, is fairly constant with moderate 
changes in the base-band input level from 
the 3 decibels above 1 milliwatt nominal 
value. This means that the crosstalk 
levd varies nearly linearly with the base¬ 
band input level. 

A typical receiver quieting curve is 
shown in Fig. 7. Fluctuation noise is 
plotted as the ordinate and r-f input as 
the abscissa. Note that at the r-f input 
level for good systems performance which 
was just mentioned there is a fairly large 
fading range before the system “breaks” 
at the 2-microvolt point. Also note the 
relative level of the fluctuation noise in 
the 12 to 16-kc and 60- to 64-kc bands. 

The two sets of data (Figs. 6 and 7) 
show that, when one jump in a radio link 


must be longer than desired due to terrain 
or other conditions, the lower received r-f 
signal strength will produce a higher than 
nominal fluctuation noise, but the sig nal - 
to-noise ratio in the carrier telephone 
channels may be improved by an increase 
in the base-band input level to the trans¬ 
mitter. The objective is to make the 
crosstalk noise about equal to the fluctua¬ 
tion noise, within the capabilities of the 
equipment. 

Reduction of Crosstalk 

The reduction in distortion which pro¬ 
duces interchannel crosstalk was achieved 
not by the use of any fundamentally new 
tricks or circuitry but by careful applica¬ 
tion and extension of known techniques. 
For an equipment like this which must be 
safe, stable and permanent, there is a 
feeling of assurance when the design is 
based on familiar ground. As examples 
of this, a closer look will be given to the 
receiver discriminator and the trans¬ 


mitter modulator, the two major sources 
of distortion. 

A sdhematic of the receiver discrimina¬ 
tor is shown in Fig. 8. Note that the cir¬ 
cuit is essentially the familiar Foster- 
Seely type but has a number of additional 
components. At the center of a dis¬ 
criminator curve the output can be ex¬ 
pected to be relatively linear with input 
if both sides of the circuit are balanced. 
A slight unbalance may cause the slope 
above and to the right of the center to 
be different than the slope of the charac¬ 
teristic below and to the left. This means 
distortion. It was found necessary to 
pay extremely careful attention to balanc¬ 
ing: by shunting the diodes (Rl and R2) 
in order to make the circuit less affected 
by variations in these elements; by bal¬ 
ancing both sides of the audio output (123, 
R4:, and i?5) instead of just grounding one 
side of the discriminator output circuit 
as is normally done; and by adding a 
variable capacitor Cl and a fixed capaci¬ 
tor C2 so that the coupling to ground from 
each side of the discriminator secondary 
could be balanced. In these circuits, as 
well as other critical circuits, elements 
with tolerances no greater than 1 per cent 
and stable with changes in temperature 
and time have been selected for long-time, 
trouble-free operation. 

In the case of the transmitter modula¬ 
tor, the use of reactance tubes was noted 
previously. These tubes are used only 
for modulation so that their operation will 
not be affected by automatic-frequency- 
control considerations. A simplified sche¬ 
matic of the oscillator-reactance tube cir¬ 
cuit is shown in Fig. 9. This is a not 
unusual push-pull circuit which has been 
improved in a number of ways. One has 
been to choose the grid-phasing circuit 
Cl, C2, Rl and other elements so as 
to produce as nearly as possible a 90- 



Fig. 9. Simpli¬ 
fied schematic cir¬ 
cuit of transmitter 
modulator, and 
curve showing 
improvement in 
interchannel 
crosstalk ratio by 
adjustment of 
“mod trim" ca¬ 
pacitor 
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Fig. 1 1. Circuit and 
typical selectivity 
characteristic of r-f filters 
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degree phase shift between the plate volt¬ 
age and the grid voltage; a second has 
been to employ a small variable “mod 
trim” capacitor C3, to accurately tune the 
grid circuit; the third has been to pro¬ 
vide some cathode feedback in both the 
oscillator and the reactance tubes; and 
the fourth to insure balance in the audio 
input circuits. The “mod trim” capaci¬ 
tor is adjusted during the field setup 
operation to produce maximum modula¬ 
tion sensitivity which has been found to 
correspond with minimum interchannel 
distortion. This also is shown in Fig. 9 
for both noise and 2-tone modulation. 

It was possible to operate on other por¬ 
tions of the receiver and transmitter to 
reduce their distortion sufficiently below 
that produced by the receiver discrimina¬ 
tor and the transmitter modulator. For 
instance, the receiver intermediate-fre¬ 
quency circuits, if improperly designed, 
could produce phase distortion. Studies 
indicated, however, that this could be re¬ 
duced to a low value, and still meet the 
selectivity requirements, by use of under¬ 
coupled circuits in the intermediate-fre¬ 
quency networks. Fig. 10 shows the 
selectivity and phase distortion for two 
values of circuit Q, one as used in the 
AN/TRC-24 receiver to meet selectivity 
requirements, and the other as used in 
laboratory test receivers to reduce the 
intermediate-frequency distortion so that 
it could be ascertained that discriminator 
or modulator distortion was being meas¬ 
ured during the studies of those circuits. 
Other tuned circuits in the receiver and 
in the transmitter were designed in a 
similar manner to cause little distortion 
and yet produce sufficient selectivity for 
the job each particular circuit had to do. 

Another probable source of distortion 
is the audio or base-band amplifier used 
in both the transmitter and the receiver. 
These are 3-tube amplifiers similar in 
general design to those employed in the 


AN/TCC carrier telephone equipments. 
These amplifiers follow feedback amplifier 
design techniques and are about 8 to 10 
decibels better from the distortion stand¬ 
point than the discriminator and modula¬ 
tor circuits. They therefore do not ma¬ 
terially contribute to the over-all distor¬ 
tion. 

Systems Aspects 

There were many systems aspects to 
be considered during the development. 
In addition to the power supply problems, 
which will not be considered here, there 
were those base-band problems concerning 
interconnection with carrier telephone 
equipments and those problems having to 
do with the r-f parts of the system. 

Base-band Problems 

Interconnection with the AN/TCC 
equipments required the radio set to 
operate at input and output base-band 


160 MC 
(65° BETWEEN 
30B POINTS) 


levels needed by those equipments; to 
present a well-balanced load of the correct 
impedance in order to reduce reflections 
on the spiral-4 cables; and, in the case of 
the transmitter, to insert a filter at the 
input of the transmitter which cuts off 
sharply above 68 kc so that carrier tele¬ 
phone modulation products and noise 
above the base band will not affect the 
operation of the equipment nor be trans¬ 
mitted further. Along with the carrier 
frequency circuits, it was necessary to 
engineer control and alarm circuits for 
use by the operators in setting up a sys¬ 
tem or for normal surveillance of system 
operation. The control, or order circuit, 
allows the operator at any one radio set 
to talk and listen both ways on the radio 
and carrier circuit. A 1,600-cyde ringing 
circuit is provided so that he may call 
other stations along the line. A 1,000- 
cyde oscillator and tuned mete ring dr- 
cuits are also provided in the equipment 
for adjustment of levds up and down the 
radio system prior to connection of the 
carrier telephone equipments. A 68-kc 
filter, together with the metering circuits, 
provides for adjustment of levds and 
continuous surveillance of the circuit 
when the 12-channd carrier tdephone sys¬ 
tem is operating through this radio set. 

R-F Systems Improvements 

Considerable effort was applied to im¬ 
prove this equipment from the r-f sys¬ 
tems standpoint. It has been noted pre¬ 
viously that the transmitter oscillator fre¬ 
quency was chosen as high as possible in 
order to reduce the number of spurious 
frequendes (harmonics) radiated and that 
attention had been given to selectivity in 
the design of both the receiver and the 
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Fig. 12. Reflector-type antenna directivity at two frequencies 
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transmitter. One of the more unusual 
problems, however, concerned the need 
for placing a receiving and transmitting 
antenna on the same mast. A high trans¬ 
mitter signal then appears at the receiver 
through the coupling between antennas to 
cause overloading and the generation of 
spurious frequencies in the early stages of 
the receiver. Much attention was given 
during the design of the antenna to re¬ 
ducing coupling between the two antennas 
on the same mast and still have a practical 
mechanical structure. However, the 
major improvement in circuit operation 
was obtained by the design and use of 
tunable cavity filters for insertion in both 
the transmitter and the receiver antenna 
circuits. This solution will be recognized 
by those familiar with mobile radio inter¬ 
ference problems. The internal arrange¬ 


ment of these filters, each one covering 
about 20 to 30 per cent of its mid-band 
frequency, as well as a typical selectivity 
curve, are shown in Fig. 11. These filters 
have so much improved r-f syst ems per¬ 
formance from both the receiving and 
transmitting standpoints that the Signal 
Corps has made plans for their use with 
other equipments as well as with this 
radio set. 

The antenna system required more de¬ 
velopment effort than was expected. 
The reflector type of antenna system 
finally decided upon is described by 
Cruser. 1 The antenna directivity at two 
frequencies is shown in Fig. 12 for both 
horizontal and vertical polarization. The 
directivity as well as other characteris¬ 
tics, of course, vary with frequency. 
The gain of this antenna varies from 6 


decibels in the low band to 8 to 10 decibels 
in the high band. Minor lobes are down 
about 15 to 20 decibels over most of the 
band. The coupling between receiving 
and transmitting antennas on the same 
mast is a maximum of 26 decibels and de¬ 
creases to more than 60 decibels when 
cross-polarization of the antennas is em¬ 
ployed. 
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Telegraph Terminal AN/FGC-29 
Circuit Design Aspects 
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Synopsis: This paper discusses some of the 
unique design features of the terminal re¬ 
quired to achieve optimum performance on 
long-range, high-frequency radio circuits. 
These features are primarily concerned 
with the receiving terminal and include 
diversity combining equipment, subgroup¬ 
ing equipment, and delay measuring and 
equalizing equipment. 

T elegraph terminal an/fgc-29 

was designed to meet the specific 
requirements of military radio com¬ 
munication. These requirements are 
necessarily of an exacting nature and the 
resulting circuitry involves features not 
commonly employed in commercial tele¬ 
graph terminal equipment. The impor¬ 
tance of securing optimum performance 
and continuity of operation was a major 
design consideration. It is the purpose of 
this paper to cover briefly the more signifi¬ 
cant characteristics of the equipment cir¬ 
cuitry. 

The terminal provides 16 frequency- 


paper 54-403, recommended by the AIEE Radio 
Communications Systems and approved by the 
AIEE Committee on Technical Operations for 
presentation at the AIEE Fall General Meeting, 
Chicago, Ill., October 11-15, 1954. Manuscript 
submitted June 18,1954; made available for print¬ 
ing August 30,1954. 

J. E. Boughtwood is with the Western Union 
Telegraph Company, New York, N. Y. 

November 1954 Boughtwood— 


shift 100-word-per-minute telegraph chan¬ 
nels starting at 425 cycles and continuing 
at 170-cyde intervals to 2,975 cycles. 
Multiplexing equipment is included to 
permit simultaneous utilization of both 
6-kc side bands of the radio facility for 
telegraph, telephone, or facsimile. The 
telegraph channel transmitters are con¬ 
ventional in design, employing frequency- 
shift oscillators such as are commonly 
used in wire-line systems. The oscillator 


tank constants are varied by switching 
diodes so as to produce marking frequency 
when the sending telegraph loop is closed 
and spacing frequency when the loop is 
open. The receiving terminal is con¬ 
siderably more complex than wire-line 
equipment because of the special require¬ 
ments imposed by the vagaries of radio 
propagation. 

Diversity Operation 

It is common practice on long-range 
radio-telegraph circuits to employ diver¬ 
sity operation, either space or frequency 
or both, so as to mitigate the effects of 
selective fading. A number of schemes 
have been proposed and utilized by 
various workers in the field, all for the 
purpose of extracting the maximum useful 
intelligence from the received signals. 
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Fig. 2. AGC 
amplifier 


A comprehensive study of a number of 
combining systems was made for the 
Signal Corps by Crosby Laboratories 
Inc. and resulted in the “ratio squaring" 
method employed in the present ter¬ 
minal. Briefly the method involves the 
following basic concepts. 

First, the signals to be combined are 
added subsequent to detection so that 
the signal voltages add arithmetically in 
phase while the random noise components 
associated with each signal can add only 
on a rms basis. A 3-decibel (db) im¬ 
provement in signal to noise is thus ob¬ 
tained when two signals of equal ampli¬ 
tude are combined. This is in addition 
to the normal diversity improvement 
factor. 

Second, to obtain the optimum signal- 
to-noise ratio when the received signals 
differ in amplitude, the theoiy indicates 
that the signals shall contribute to the 
combined resultant in proportion to the 
square of their relative amplitudes. This 



TO COMMON AGO BUS 

is of particular importance in the presence 
of a high noise level where the noise asso¬ 
ciated with a faded signal would other¬ 
wise be combined with the normal signal 
to effect a 3-db degradation. Further, 
any amplitude modulation effects on the 
received earner should be eliminated, a 
function normally performed by a limiter 
in conventional circuits, so as to preserve 
the advantages of frequency-shift trans¬ 
mission. 

Combining Circuit 

A circuit operating in accordance with 
the combining theory is shown diagram- 
matically in Fig. 1. Common automatic 
gain control (AGC) amplifiers and indi¬ 
vidual logarithmic expanders are utilized. 
Tlie amplifiers, having a common AGC, 
always have equal gain, the gain being 
an inverse function of the signal possess¬ 
ing the higher received level. Thus the 
ratio of the two incoming signal levels is 
preserved at the amplifier outputs with 
the stronger signal having a constant 
value determined by the common de¬ 
layed AGC voltage of the amplifiers. 

I tie logarithmic expanders are forward 


Fig. 3 (left). AGC ampli¬ 
fier control characteristic 


Li 1.0 

V) 
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acting devices having a loss in db which is 
an inverse function of the input level in 
db. The amplitude ratio of the signals 
at the expander outputs thus follows the 
square of the input ratio as required by 
the theory. The signals are combined 
by adding the discriminator outputs in 
series aiding as indicated. 

The design objectives for the combining 
system contemplated a 45-db fading 
range over which the common AGC am¬ 
plifiers should maintain the same relative 
gain to close limits so as to fully realize 
the theoretical advantage of the ratio 
squaring method. Additionally the re¬ 
sponse time was required to be sufficiently 
short to remove the amplitude effects of 
noise as well as the amplitude modulation 
introduced by channel filters in the pres¬ 
ence of keyed signals. The bandwidth 
of the channel filters, particularly the re¬ 
ceiving filter, is the major factor deter¬ 
mining the time constant of the AGC 
system. Filters having a high discrimina¬ 
tion against adjacent channels are in¬ 
herently narrower than less rigorous filters 
and so introduce a greater amplitude- 
modulation transient on frequency-shift 
signals. The amplitude transient is in 
the form of a damped oscillation having a 
frequency of approximately twice the 
maximum dotting rate, or about 80 cycles 


0 + 0.1 + 0.2 + 0.3 
CONTROL VOLTS 
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Fig. 4 (right). AGC am¬ 
plifier level response 
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in this case. This is also about the maxi¬ 
mum cancelation rate between signal and 
noise components. In addition, the AGC 
system must not only compensate for 
signal fades of 45 db but also must not 
interfere with the operation of the lowest 
frequency telegraph channel at 425 
cycles, and must have an adequate mar¬ 
gin of stability against self-oscillation 
•under all conditions. 

It may be of interest to indicate some 
of the conditions which must be met if a 
stable system is to be realized. Three 
general cases are given. An AGC ampli¬ 
fier can be considered as a variable at¬ 
tenuator or variolosser followed by a 
fixed gain stage, a detector, and a low- 
pass filter feeding the d-c control voltage 
hack to the variolosser as indicated in 
Fig. 2. The variolosser can also be con¬ 
sidered as a balanced modulator wherein 
the amplitude of the incoming signal is 
modulated in accordance with variations 
in the d-c control voltage. 

Case 1—Low-Frequency Stability 

Low-frequency stability involves the 
•direct regeneration of control frequencies 


imic expander 

lying below the cutoff frequency of the 
low-pass filter. Oscillation will occur 
where the loop gain is greater than unity 
for any frequency having a phase shift of 
180 degrees. Loop gain is the sum of the 
fixed amplifier gain, the low-pass filter 
loss and the magnitude and phase of the 
modulator imbalance. Theoretically a 
perfectly balanced modulator would pro¬ 
vide infinite loop loss but practically, to 
maintain a high degree of balance over a 
fading range of 45 db, would require ex¬ 
tremely dose matching of components. 
This is undesirable from an operational 
viewpoint where the ability to replace 
components from stock items is a practical 
requirement. It is therefore necessary 
to control the loop characteristics by 
proper design of the low-frequency cutoff 
of the fixed amplifier and the high-fre¬ 
quency cutoff of the low-pass filter to 
meet the attenuation and phase-shift 
characteristics for stable operation. 

Case 2—Subharmonic Generation 

Instability of this type involves the re¬ 
ceived carrier frequency, the action being 
similar to a 2-to-l regenerative frequency 


divider. If F represents the received car¬ 
rier frequency and the loop loss for F/2 
is insufficient, then the F/2 component in 
the output of the low-pass filter will re¬ 
generate itself in the modulator stage by 
interaction with F, and both F and F/2 
will appear in the amplifier output. 

Case 3—Modulation Instability 

Instability of this type produces an 
amplitude modulation on the received 
carrier. Modulation takes place in the 
balanced modulator or variolosser stage 
and is subject to the full gain of the fixed 
stage. The modulation is recovered in 
the detector and, if the low-pass filter at¬ 
tenuation is insufficient and its phase 
shift is 180 degrees, the modulation will 
be self-sustaining. As the phase shift is 
decreased, a damped modulation tran¬ 
sient will be produced each time the car¬ 
rier shifts due to signalling. The decre¬ 
ment of the transient increases as the 
phase shift is further reduced. 

The requirements for stability and the 
rapid response time needed to simulate 
limiter action indicated that the desired 
performance was incompatible with a 
carrier frequency as low as 425 cycles. 
It was decided to limit the lowest carrier 
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Fig. 8. Sending translator frequency allocations 











frequency to 1,785 cycles so that a satis¬ 
factory network design could be achieved. 
As shown in Fig. 2, the variable gain sec¬ 
tion of the AGC amplifier is a 2-stage 
balanced variolosser employing germa¬ 
nium diodes as variable impedance ele¬ 
ments. The variolosser is designed to 
have a linear loss in db relative to ap¬ 
plied control voltage so that substantially 
uniform AGC sensitivity is realized over 
the fading range with corresponding uni¬ 
formity of transient response. Fig. 3 


Fig. 9 (above). 
Adjustable delay 
network 


Fig. 10 (right). 
Differential delay 
indicator 
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shows the relation between amplifier gain 
and applied control voltage. Fig. 4 shows 
the relation between the input and output 
levels of the AGC amplifier. A 45-db 
reduction in input produces only a 1-db 
reduction in output (a voltage ratio of 
1,600 to 1), so that the equivalent of 
limiter performance is substantially real¬ 
ized. 

It is possible to maintain a much closer 
tolerance on the gain characteristic with 
varistor variolossers than with conven¬ 
tional AGC circuits utilizing vacuum 
tubes. This is particularly important 
for 4-channel combining where the four 
AGC amplifier gains must track over the 
fading range if optimum circuit perform¬ 
ance is to be realized. If the maximum 
operating temperature is excessive for 
germanium, silicon junction diodes can be 
employed. In either case precautions 
must be taken to operate the varistors 
associated with a common diversity group 
at substantially equal temperatures for 
optimum performance. 

The logarithmic expander also uses ger¬ 
manium diodes as the loss controlling ele¬ 
ments as shown in Fig. 5. In this case, 
the circuit is designed to give a 2-to-l db 
ratio between output and input as shown 
in Fig. 6. By definition, the action of an 
expander is to magnify any amplitude 
variations of its input. The response 
time of the expander has been made 
slower than that of the AGC amplifier so 
that expansion will be applied only to the 
fading component and not to signalling 


transients or high-frequency cancellations 
between signal and noise. Here again 
silicon junction diodes can be used if tem¬ 
perature conditions warrant with a slight 
change in circuit configuration. Advan¬ 
tage can be taken of the fact that the loss 
characteristic of a silicon variolosser is less 
influenced by temperature than ger¬ 
manium when the control current is essen¬ 
tially independent of diode resistance. 
This could not be done with the AGC 
amplifier where the variolosser control 
current had to be an inverse function of 
diode resistance in order to obtain a linear 
instead of logarithmic response. 

Addition of the diversity signals is ef¬ 
fected subsequent to detection by con¬ 
necting the discriminator outputs in series 
aiding. The circuitry is conventional 
and includes a d-c limiting amplifier driv¬ 
ing a pair of parallel-connected output 
pentodes which key the receiving loop. 
Approximately 25 db of postdetection 
limiting is realized. 

Subgrouping Equipment 

To permit a lower frequency limit of 
1,785 cycles in the AGC amplifier circuits 
and still maintain the normal 425 to 2,975 
channel frequencies on the line, two 
identical sets of 8-channel groups cover¬ 
ing the 1,785- to 2,975-cycle range are 
employed per terminal. The method of 
channel designation is such that one 
group is assigned odd channel numbers 


and the other group even channel num¬ 
bers. The odd group is transmitted and 
received without translation. The 
second or even channel group is trans¬ 
lated down to the 425 to 1,615-cycle range 
for transmission. A second translation 
at the receiver restores the even channels 
to the 1,785- to 2,975-cycle range. Not 
only does this method simplify the AGC 
amplifier design but it also reduces the 
fortuitous keying loss usually associated 
with low carrier frequency channels. A 
secondary advantage is the reduction in 
number of channel filter types and other 
tuned circuits peculiar to a given fre¬ 
quency channel. 

The group translators employ two suc¬ 
cessive stages of modulation to achieve 
the desired frequency conversion. Con¬ 
version in two stages eliminates the need 
for extremely sharp cutoff in filter charac¬ 
teristics with a corresponding decrease in 
delay distortion for channels lying adja¬ 
cent to cutoff. The possibility of a nor¬ 
mal level received signal in the odd group 
interfering with a faded signal in the even 
group due to direct signal leak through a 
single-stage modulator is also eliminated. 
Fig. 7 is a block diagram of the sending 
translator. Conventional double bal¬ 
anced germanium diode modulators are 
used with carrier frequencies derived from 
crystal-controlled oscillators by regenera¬ 
tive-type frequency dividers. Fig. 8 is a 
frequency allocation chart showing the 
translation process. The even channel 
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group is first modulated by a carrier of 
9.69 kc. A band-pass filter selects the 
lower side band lying between 6,716 and 
7,906 cycles. This side band is then 
modulated by a 6.29-kc carrier. The 
lower side band selected by a low-pass 
filter now lies between 425 and 1,615 
cycles in the normal line frequency alloca¬ 
tions of the system. The translator at 
the receiving terminal employs a similar 
technique to restore the even channel 
group to its original frequency band. 

Delay Equalization 

In a diversity telegraph system, it is 
important that the discriminator output 
signals to be added be in proper tim e 
phase. Any time displacement of diver¬ 
sity channels inherent in the system de- 
sign due to filters, interconnecting wire 
facilities, or radio equipment will directly 
reduce the tolerance to fortuitous dis¬ 
placements resulting from selective fad¬ 
ing or noise. An adjustable delay net¬ 
work has therefore been provided at the 
output of each channel receiving filter so 
that systematic delay differences between 
channels to be combined may be equal¬ 
ized. A maximum delay of 6 to 7 milli¬ 
seconds is realized by the bridge-type 
phase shifter shown in Fig. 9 . This 
amount of delay is easily achieved because 


of the narrow bandwidth allocated to 
each channel relative to its carrier fre¬ 
quency. 

The measurement of systematic delay 
differences introduced by transmitting 
and receiving equipment separated by 
an intervening radio circuit is complica¬ 
ted by the effects of selective fading 
which causes random time shifts in the 
receiving signals and may cause them 
momentarily to fall below the noise level. 
To alleviate this difficulty the differential 
delay indicator shown in Fig. 10 has been 
incorporated in the receiving te rmin g] 
metering facilities. In practice a single 
dotter transmits a-c reversals on the two 
channels to be equalized in respect to each 
other. The two channels are terminated 
in separate loops which are patched to the 
delay comparator. The comparator con¬ 
sists of a pair of balanced bridge arms R 
connected to an integrating zero center 
d-c meter circuit through a switching- 
type detector operated in synchronism 
with the incoming loop reversals. If the 
dotting reversals on the two loops are re¬ 
ceived in exact time phase, the voltage 
across the bridge arms R will be zero and 
the meter will read zero. When the two 
loop signals have the time relationship 
indicated at A and B, the signal appearing 
across the bridge will be as shown at C. 
The diode reversing switch is in effect 

No Discussion 


controlled by the sum of the differentiated 
loop signals having the shape shown at D 
for this case. The voltage to the integrat¬ 
ing meter circuit is shown at E and pro¬ 
duces a negative deflection of the meter. 
If the time relation of the two loops is re¬ 
versed, the bridge and switch output volt¬ 
ages also reverse to produce a positive 
meter reading. Random jitter of the 
loop transitions due to fading or noise will 
integrate to zero so that only systematic 

differences in delay will be indicated. The 

signal having the least delay is brought 
mto proper alignment by means of its 
adjustable delay network. Delay adjust¬ 
ments are required to be checked when 
changes in the system arrangement are 
made and not as a routine operation. 

Conclusions 

Telegraph terminal AN/FGC-29 is not 
yet in production but comprehensive 
tests have been conducted on a design ap¬ 
proval model to evaluate the electrical 
design and substantiate the combining 
theory. A multiple path fading simula¬ 
tor and noise generator were employed to 
simulate a long-range radio circuit. Per¬ 
formance was definitely superior to cur¬ 
rently available equipment but qualita¬ 
tive data must await further testing on 
actual circuits. 
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dependable operation under extremely 
adverse conditions of selective radio 
fading. 
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Synopsis: This paper discusses briefly the 

iS 1 ?i/ C S?^ Ctetistics of telegraph ter- 
and the technical require- 
mente that had to be met in its design. 

. ty P e of construction employed in the 
equipment is described with the a?d of 
illustrations of a design approval model. 

TELEGRAPH terminal AN/FGC-29 
■ is the terminal equipment for a voice- 
frequency carrier telegraph system, de¬ 
signed m accordance with militaiy re¬ 
quirements and intended for use in trans¬ 
mission over long-distance military radio 
circuits. The equipment is being de¬ 
veloped by Western Union under a Signal 
Corps contract at the present time; So 


far, the developmental phase of the proj¬ 
ect has been completed and a design ap¬ 
proval model constructed. This was ac¬ 
cepted after extensive tests by Signal 
Corps engineers, and a final model now 
under construction will incorporate cer¬ 
tain technical changes found necessary in 
the course of that work. Up to the pres¬ 
ent time, no operating experience has 
been obtained with the FGC-29 terminal 
m field service, so the information on the 
subject that can be presented now is in 
the nature of a preliminary report on the 
project. However, the results of the ac¬ 
ceptance tests indicate that the equip¬ 
ment will meet all of the specified require¬ 
ments and that the system will provide 
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x cicgrapn terminal AN/FGC-29 pro¬ 
vides facilities for 16 carrier telegraph 
channels capable of operation at speeds 
up to 100 words per minute. The tele¬ 
graph channels use frequency shift car¬ 
rier signals with a deviation of ±42.5 
cycles from the mean channel frequency. 
The center frequencies of the channels 
are spaced 170 cycles apart, starting at 
425 cycles per second and continuing up 
to 2,975 cycles per second. 

Electronic keying ^employed on both 
the sending and the receiving telegraph 
loops. The loops use neutral d-c signal 

re £ ommen ded by the AIEE Radio 
SyS * ems Committee and approved 
by the AIEE Committee on Technical Operations 

CW»r™ i0 n a ! AIEE Pal1 General Meeting 
Chicago, III., October 11-15, 1954. ManuscriDt 
submitted June 18, 1954; made available for 
printing September 2, 1954. 

P. H. Cusack is with the Western Union Telearaoh 
Company, New York, N. Y. legrapn 
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Fig -1 • Telegraph terminal AN/FGC-29, defign approval model 



Fig. 3. Transmitting terminal showing drawer-type chassis 


current of either 20 milliamperes or 60 
milliamperes. Loop power supplies are 
provided in the equipment, and the trans¬ 
mitting terminal will also meet situations 
where loop battery of either polarity is to 
be furnished by the associated telegraph 
equipment connected to the loop. 

The FGC-29 terminal will be used to 
provide teletype communication over 
twin-channel, high-frequency, single-side¬ 
band radio circuits. Operation through 
selective fading is accomplished by means 
of diversity combining methods with 
facilities provided for both 2-channel and 
4-channel diversity combining, using fre¬ 
quency diversity, or space diversity, or 
both. 

The performance requirements for 2- 
channel diversity combining are that the 
over-all peak telegraph distortion intro¬ 
duced by the terminal equipment shall 
not exceed 5 per cent at 100 words per 
minute, provided either of the incoming 
diversity signals is being received at nor¬ 
mal level. If one signal fails completely 
and the second is attenuated by as much 
as 40 decibels, the peak distortion shall 
not exceed 7 per cent. These require¬ 
ments have been met despite the unusual 
degree of discrimination against inter¬ 
channel interference which had to be pro¬ 
vided in the receiving channel filters. 



Fig. 2. Transmitting terminal 


Because of the selective nature of radio 
fading, it is required that any channel be 
capable of satisfactory operation even 
though the fading produces a 40-dedbel 
difference in level between channels. 


In addition to carrier telegraph facili¬ 
ties, the complete terminal includes multi¬ 
plexing equipment to derive two 3-kc 
voice-frequency circuits from each of the 
6-kc side bands of the radio. Equalizing 
and amplifying equipment is also pro¬ 
vided to permit operation of the terminal 
over cable pairs to remotely located radio 
stations. 

Diversity Combining 

The FGC-29 equipment employs a 
unique method of diversity combining 
which provides a high degree of system 
flexibility. The incoming signals which are 
received over two different space diver¬ 
sity or frequency diversity paths are ap¬ 
plied to two separate inputs of the receiv¬ 
ing terminal, designated as the A path 
and the B path. For each telegraph 
channel, signals from the A path are com¬ 
bined with those from the B path to pro¬ 
vide a single output. With 2-channel di¬ 
versity combining, the signals so com¬ 
bined are always of the same frequency. 

Under adverse fading conditions, fur¬ 
ther operational improvement is ob¬ 
tainable by employing 4-channel diver¬ 
sity combining. This is done in accord¬ 
ance with a prearranged system whereby 
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minal and one in the receiving te rminal 
for each pair of channels to be combined. 
No realignment or readjustment of the 
equipment is necessary. If 4-channel di¬ 
versity is employed throughout the ter¬ 
minal, the capacity of the system is re¬ 
duced to eight channels. 


Equipment Description 


Fig. 4. Transmitter drawer 


Fig. 5. Transmitter drawer, front panel dropped 


the even-numbered telegraph loops are 
made idle and each of the odd-numbered 
transmitting loops is made to drive two 
channel transmitters simutaneously. 
For example, if channels 1 and 2 are 
switched to 4-channel diversity, trans¬ 
mitting loop 2 becomes idle and the tele¬ 
graph signals on loop 1 drive both channel 
transmitters together. At the receiving 
end, four incoming signals are combined 
to produce one output. Two of these are 
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at the frequency of channel 1, and the 
other two at the frequency of channH 2. 
The output telegraph signals appear on 
receiving loop 1, while loop 2 becomes idle. 
The channel frequency allocation is such 
that the odd-numbered and even-num¬ 
bered channels to be combined are always 
1,360 cycles apart in frequency. Trans¬ 
ferring from 2-channel to 4-channel diver¬ 
sity combining is accomplished by operat¬ 
ing one switch in the transmitting ter¬ 


The AN/FGC-29 terminal is designed 
specifically for military fixed plant instal¬ 
lations where it must provide long periods 
of reliable service with a minimum amount 
of maintenance and readjustment. Serv¬ 
ice conditions include ambient tempera¬ 
tures ranging from 32 to 122 degrees Fah¬ 
renheit and relative humidities up to 95 
per cent. Ruggedness and the ability to 
withstand the rigorous handling en¬ 
countered in military service are impor¬ 
tant considerations in the mechanical de¬ 
sign. Military transportation conditions 
impose unusual requirements on the 
ability to resist shock and vibration. 
Storage under temperatures from —80 
to +160 degrees Fahrenheit is contem¬ 
plated. 

The equipment must tolerate power 
supply variations of ±10 per cent from 
the nominal 230 or 115 volts a-c. Regu¬ 
lated power is provided in the terminal 
wherever needed to meet this require¬ 
ment. There are three alternating volt¬ 
age regulators, each with a capacity of 500 
watts. Total power consumption for the 
terminal is 3,500 watts. 

As shown in Fig. 1, the complete ter¬ 
minal consists of six steel cabinets, each 
75 inches high, 22 V 2 inches wide, and 24 
inches deep. Each cabinet is ventilated 
by a blower with filtered air intake. The 
first two cabinets contain the transmitting, 
equipment and the remaining four com¬ 
prise the receiving equipment. The send¬ 
ing and receiving equipments are com¬ 
pletely independent of each other and 
need not be installed in the same loca¬ 
tion. The installation work required for 
the terminal has been made very simple 
and is largely a matter of running in the 
a-c power and the telegraph loop circuits. 
All interconnections between cabinets and 
between units within a cabinet are qui ckl y 
made by means of plug-in multiconductor 
cables which permit installation without 
resorting to wiring lists and without mak¬ 
ing soldered connections. 

Fig. 2 shows the transmitting terminal 
alone. Carrier transmitters for the 16. 
telegraph channels are contained in eight 
panels mounted in the cabinet on the' 
right. Each panel contains the two trans¬ 
mitters which are associated with each 
other for + channel diversity operation. 
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Metering and jacking facilities required 
for the operation of the terminal are con¬ 
tained in the cabinet on the left, along 
with multiplexing and power supply 
equipment. 

As shown in Fig. 3, drawer-type chassis 
construction is employed so as to afford 
the maximum accessibility for main¬ 
tenance. Drawers may be drawn out to 
permit work on the top or bottom of a 
chassis without interrupting service. 
Those drawers which are associated only 
with specific channels may be removed 
from the cabinet without interfering with 
the rest of the system. The drawers con¬ 
taining multiplexing and equalizer ampli¬ 
fier equipment are independent units, 
complete with power supply. When 
needed at a remote location, they are re¬ 
moved from the drawer slides in the cabi¬ 
net and are then mounted by their front 
panels on any standard 19-inch relay rack. 
No wiring changes are required in the ter¬ 
minal when this is done. The missing 
units are replaced by dummy circuit 
panels provided with connectors which 
cut through the transmission circuits from 
which the equipment was removed. 

Fig. 4 shows one of the channel trans¬ 
mitter drawers and will serve as a repre¬ 
sentative example of the chassis construc¬ 
tion employed throughout the FGC-29 
equipment. This particular drawer con¬ 
tains the carrier telegraph transmitters 
for channel 1 and channel 2. When the 
diversity switch in the center of the front 
panel is in the 2-channel position, the 
two transmitters are keyed independently 
by d-c telegraph signals from loop 1 and 
loop 2. But when this switch is thrown 
to the 4-channel position, both transmit¬ 
ters are keyed from loop 1 in the manner 
explained previously. Also located on 


Fig. 7. Part of receiving terminal 


Fig. 6. Typical subassembly 


the front panel are carrier and loop jacks, 
fuses and blown fuse indicators, and such 
other controls as are needed for day-to- 
day operation and maintenance prac¬ 
tices. Test points and controls that are 
used less frequently are located inside the 
drawer and become accessible when the 
drawer is pulled out. 

Fig. 5 shows the same drawer with the 
front panel dropped down to reveal the 
internal construction. It will be seen 
that the drawer chassis forms a frame¬ 
work on which unitized subassemblies are 
mounted. Filters and similar sealed 
units are located in the center with elec¬ 
tronic subassemblies, such as amplifiers, 
oscillators, modulators, and the like on 
either side. Power supplies are mounted 
in a separate compartment across the 
rear. External power is brought to a 
connector at the rear right and external 
signal wiring to a multiple pin connector 
at the rear left. Cabling in the bottom of 
the drawer interconnects these with the 
various subassemblies and with the com¬ 
ponents which are located on the front 
panel. 


A typical subassembly is shown in 
Fig. 6. This is a miniature amplifier used 
repeatedly throughout the terminal for a 
variety of different circuit applications. 
It has a gain of 50 decibels and is stabil¬ 
ized with about 25 decibels of negative 
feedback. It is used in 600-ohm circuits 
over the frequency range from 350 to 
6,000 cycles per second. Rated power 
output is 22 decibels above 1 milliwatt, 
at which level the second and third har¬ 
monic distortions are each down by at 
least 60 decibels. 

Three cabinets of the receiving ter¬ 
minal are shown in Fig. 7. Channel re¬ 
ceivers for 16 carrier telegraph channels 
are contained in 16 separate panels, each 
of which provides for incoming signals 
from A path and B path of one channel. 
In this illustration the receiver for chan¬ 
nel 1 is the large panel near the top of the 
first cabinet. Directly below it is a 
smaller panel, the combiner for channels 
1 and 2, and below that is the receiver for 
channel 2. These three units perform 
the receiving function corresponding to 
that of the transmitter drawer shown in 
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Fig. 4. When the diversity switch on the 
front panel of the combiner is in the 2- 
channel position, incoming signals from 
the A path and B path of channel 1 are 
combined to provide d-c telegraph signals 
for loop 1. The process is repeated in¬ 
dependently for channel 2 and loop 2. 
But when this switch is in the 4-channel 
position, all four inputs are combined to 
key loop 1 only. The arrangement de¬ 
scribed for channels 1 and 2 is repeated for 
all the rest of the channels in pairs, each 
pair consisting of an odd-numbered chan¬ 


nel and an even-numbered channel. 

The receiving terminal has its own 
metering facilities, including a meter for 
measuring the difference in propagation 
time for the signals which are combined. 
Adjustable time-delay networks in the re¬ 
ceivers permit these differences to be 
equalized. Also included in the receiver 
are jacking and alignment facilities, multi¬ 
plexing and equalizer amplifier equip¬ 
ment, and power supplies contained in 
the fourth cabinet, which is not shown in 
this illustration. 

No Discussion 


Conclusion 

This brief discussion is no more than a 
preview of telegraph terminal AN/FGC- 
29. Only the more significant features of 
the equipment have been described and 
its more important characteristics men¬ 
tioned. Because this terminal is quite 
versatile in its applications and can be 
adapted to a number of different situa¬ 
tions, it is expected that the FGC-29 will 
be used widely in establishing future 
military communication networks. 


A New Multichannel Teletype Terminal 
for Use on Long-Range 
High-Frequency Radio Systems 


ALFRED MACK 

NONMEMBER AIEE 

T HIS paper will describe, on a systems 
basis, a new multichannel teletype 
terminal which has been designed for the 
main-line intercontinental radio circuits 
of the Army Command and Administra¬ 
tive Network (ACAN). This network 
provides the backbone of the traffic-hand¬ 
ling facilities between the United States 
and major overseas commands largely 
utilizing single-side-band transmission and 
reception. The continuity of communi¬ 
cations required in this service makes 
reliability of paramount importance. 
Therefore, the equipment must be capa¬ 
ble of operating effectively under adverse 
conditions of long-range radio propaga¬ 
tion. The heavy traffic load necessary in 
maintaining the extensive overseas forces 
imposes the additional major requirement 
of maximum communication channels per 
radio circuit. To meet the varied re¬ 
quirements for teletypewriter, voice and 
facsimile channels, and the rigors of serv¬ 
ice in poorly controlled environments 
sometimes necessary in military opera¬ 
tions, a basically new multichannel ter¬ 
minal was required for this service. A 
glance at the older type of terminal equip¬ 
ment shown in Fig. 1, and which curre n tly 
is in standard use, will quickly show the 
inadequacies which led to this new design. 

At the start of World War II, this adap¬ 
tation of the Western Electric Company 
type-40 Cl voice-frequency carrier tele- 


R. H. LEVINE 

ASSOCIATE MEMBER AIEE 

graph equipment was in use by the Army 
to provide up to six channels of teletype 
over a single radio circuit. This system 
is still in use and employs 2-tone fre¬ 
quency diversity for each channel mark 
and space. From Fig. 1, at least one 
major conclusion is apparent: the ten 
bays of equipment are quite a space out¬ 
lay for six 60-words-per-minute (wpm) 
teletype channels. Also, the equipment 
is by no means adaptable in regard to 
temperature and humidity. It is essen¬ 
tially commercial-type, fixed plant gear, 
and must be treated as such if it is to per¬ 
form properly. 

The six teletypewriter channels are 
transmitted over one radio side band 
using 24 audiotones. Two tones are trans¬ 
mitted for each channel, one mark and 
one space tone. To obtain frequency di¬ 
versity, double modulation tones are ap¬ 
plied which then provide a total of four 
tones per channel, i.e., the basic voice- 
frequency band of 12 tones is duplicated 
in an additional band of 12 tones at some¬ 
what higher frequency. Thus, there are 
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two separate channels of intelligence for 
each message. The receiving equipment 
suppresses the contribution of the weaker 
received channel, either the “normal” or 
“diversity” tones, before conversion ta 
the d-c teletypewriter signals. For high- 
frequency radio transmission, diversity 
operation is imperative for error-free 
performance. 

Because frequency diversity is wasteful 
of radio frequency spectrum and since 
the radio transmitter must be operated at 
a reduced power per channel, a method of 
space diversity single-side-band opera¬ 
tion has been devised. This method, by 
substitution of space diversity for fre¬ 
quency diversity, eliminates the neces¬ 
sity for transmission of a double band of 
frequencies and thereby reduces the re¬ 
quired bandwidth of the radio-frequency 
spectrum by 50 per cent. There is also 
a resultant increase in signal power per 
channel. This yields an improvement in 
signal-to-noise ratio at the receiving ter¬ 
minal. Alternately, six additional tele¬ 
type channels can be placed in that por¬ 
tion of the spectrum formerly occupied 
by the “double modulation tones” of fre¬ 
quency diversity. 

It is notable that, at best, even when 
modified for space diversity operation, 
the type-40 Cl equipment occupies an 
entire 6-kc radio side band with only 12 
60-wpm teletype channels. This repre¬ 
sents a total capacity of 720 wpm. In 
practice, the remaining radio side band is 
split by various types of equipment, com¬ 
prising another complete terminal as¬ 
sembly, to obtain a low-quality voice 
order wire and a subcarrier facsimile 
band. 

As indicated in the preceding discus¬ 
sion, all of the currently employed single¬ 
side-band radio equipment provides two 
independent 6-kc side bands. These side 
bands are fed separately from voice-fre¬ 
quency group modulating equipment ap- 
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Fig. 1. World War II telegraph terminal for single-side-band high-frequency radio circuit 


propriate to the application. The reason 
for 6-kc channels stems from the require¬ 
ments of the telephone company’s design 
of the original, and later, single-side-band 
radio equipment for use in multichannel 
telephone service. This has also become 
the standard for all fixed plane type of 
military single-side-band radio equip¬ 
ments. Therefore, the design of ter¬ 
minal equipment for use over the single¬ 
side-band facilities of the ACAN is logi¬ 
cally directed towards the maximum 
utilization of all of the available 6 kc of 
each radio side band. 

While 6-kc signal bands are required for 
modulation of the radio channels, these 
same wide bands present a serious problem 
in audioline facilities. Satisfactory op¬ 
eration of fixed plant radio systems utiliz¬ 
ing relatively high-power transmitting 
equipment requires appreciable separa¬ 
tion of transmitter and receiver stations. 
Also, the communications center, where 
the traffic originates, terminates, or is 
tape-relayed, is by its nature usually 
located in a major headquarters in a large 
city or on a major military reservation. 
Therefore, the radio receiving and trans¬ 
mitting stations must be located where 
space is available for antennas and radio 
interference is minimized. Telephone 
line facilities, either metallic or carrier, 
which are capable of accommodating 6-kc 
bands are both expensive and difficult to 
obtain and most radio relay circuits in 
standard Army use do not provide for 
6-kc channels. Hence another design 
consideration which the new terminal 
equipment must meet is the ability to 
provide full service over standard 3-kc 
wire and radio relay channels. The 
fundamental requirements which gov¬ 
erned the design of the new equipment for 
the ACAN multichannel single-side-band 
radio system are: 


1. Reliability. 

2. Adaptability to service conditions. 

3. Increase of traffic capacity. 

4. Maximum use of spectrum. 

5. Maximum utilization of 6-kc radio side 
bands. 

6. Operation over ordinary line facilities. 

7. Frequency or space diversity options. 

8. Ease of installation and maintenance. 

Item no. 7, while not mentioned pre¬ 
viously, is a required variation for sta¬ 
tions which, because of limited space 
or other considerations, cannot provide 
diversity radio receiving antennas. Item 
no. 8 is an obvious requirement for any 
equipment designed for military employ¬ 
ment. It might be noted that the type- 
40 Cl equipment requires weeks of instal¬ 
lation time. 

The background and requirements are 
now firmly established for proceeding to 
the telegraph terminal AN/FGC-29 which 
is the new multichannel terminal specific- 


cally engineered to meet the required 
specifications. Briefly, the basic AN/ 
FGC-29 provides the following; 

1. Sixteen 100-wpm teletype channels. 

2. Optional space or frequency diversity. 

3. Band-splitting equipment to derive 3-kc 

voice bands. 

4. Necessary equalizer amplifier facilities 

for operation over standard loaded or 
nonloaded cable or commercial tele¬ 
phone carrier systems. 

5. Compact design. 

6. Quick installation. 

7. A highly effective diversity combining 
system. 

8. Quadruple diversity for use under ad¬ 
verse conditions of radio propagation. 

Fig. 2 illustrates that the telegraph ter¬ 
minal AN/FGC-29 comprises approxi¬ 
mately half the number of bays required 
for the type-40CZ equipment even though 
it provides more than twice the amount 
of traffic-handling capacity. Plug-in 
cables are used to interconnect the 
various bays which reduces installation 
time to a matter of days. Fig. 2 shows 
the design approval model, and illustrates 
the essential features of the production 
version. The two bays on the left com¬ 
prise the transmitter portion of the ter¬ 
minal including everything from d-c 
printer loops to send-line amplifiers and 
multiplexers. Similarly, the four receiv¬ 
ing bays are complete with amplifier- 
equalizers and demultiplexers through 
to d-c loops. Send and receive portions 
of the terminal are independent and can 
be separated, if required. The basic ap¬ 
plication of the equipment is for 16 100- 
wpm space diversity teletype channels. 
Figs. 3(A) and (B) illustrate the equip¬ 
ment arrangement for this mode of opera¬ 
tion at the send and receive portions of the 
circuit respectively. 



Fig. 2. Development model of telegraph terminal AN/FGC-29 
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Note that the 16 teletype channels 
which have 170-cycle channel-center fre¬ 
quency spacing occupy only the band 
from 425 to 2,975 cycles per second. 
This leaves a remaining 3-kc voice band 
in the 6-kc radio side-band input. The 
multiplexer, shown at the radio transmit¬ 
ting station, multiplexes the teletype 
band with a 3-kc voice circuit into one 
side-band input of the radio transmitter 
by means of suitable filters and modula¬ 
tors. The other side band is similarly 
split to yield two voice bands for use, as 
required. Note the amplifier-equalizers 
installed at the transmitter station to cor¬ 
rect for the loss and frequency charac¬ 
teristics of the cable facilities. Each am¬ 
plifier-equalizer is capable of correcting 
for the loss and frequency characteristics 
of up to 40 miles of loaded cable or 20 
miles of nonloaded cable. 

At the receiving station, demultiplexers 
in each side band of receiver no. 1 provide 
separation of the various bands of infor¬ 
mation for transmission over 3-kc audio¬ 
line facilities. Each band is restored to 
its original audio-frequencies before being 
applied to the transmission facility. Re¬ 
ceiver no. 2 is equipped with only one de¬ 
multiplexer, inasmuch as diversity is nor¬ 
mally applied only to the teletype signals. 
Both sets of teletype bands are fed into 
the terminal through amplifier-equalizers 
and diversity combination is effected on 
an individual channel basis within the 
terminal equipment. The three remain¬ 
ing channels are amplifier-equalized and 
routed as required. Note that the tele¬ 
type channels can be transmitted in any 
one of four slots in the transmitted side 
bands. Both diversity outputs are al¬ 
ways of the same audio-frequency of 425 
to 2,975 cycles per second regardless of 
the employment of the equipment. 

Figs. 4(A) and (B) again illustrate 
space diversity operation except that here 
6-kc facilities are used for the links be¬ 
tween the communications center and 
radio sites. The only change is that the 
multiplexing equipment is now all located 
at the communications center. For fre¬ 
quency diversity operation, various setups 
are possible. The simplest, illustrated by 
Figs. 5(A) and (B), uses one 6-kc side 
band for the teletype, leaving the other 
to be utilized as desired. The basic 
flexibility of the system also permits 
placing the teletype in both side bands or, 
in general, in any two of the four 3-kc 
channels. Note that one 3-kc circuit has 
been lost. 

Under adverse propagation conditions, 
improved performance can be obtained by 
using quadruple diversity. This is done 
by keying 2-channel transmitters from 
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Fig. 5(A). Frequency diversity equipment arrangement at send end of circuit with 3-kc 

interconnecting facilities 
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Fig. 5(B). Frequency diversity equipment arrangement at receive end pf circuit with 3-kc in¬ 
terconnecting facilities 


Table I. Comparison of Telegraph Terminal AN/FGC-29 with Existing Terminal Equipment 



40C1 



6-Channel 

6-Channel 

12-Channel 


Frequency 

Space 

Space 


Division 

Division 

Division 

AN/FGC-29 


Total wpm......., 

Weight.. 

Size. 

Bandwidth.. 

Service conditions, 
InstaUation time. 
Extras.. 


360 ..360 ..720 ..1600 

5220 ..5220 ..7465 or more ..3000 

10 bays .. 10 bays .. 15 bays or more .. 6 bays 

17' by 84' by 19'2'. .17' by 84' by lfl'2'.. 17' by 84' by 28'6'. .24' by 78' by 11'6" 

5 kc . .3 kc . .5 kc . .3 kc 

..commercial fixed plant...'...military fixed plant 

..several weeks..days 

...flexible application, 

multiplexing 
equipment, test 
and meter panels 


each send loop in addition to the afore¬ 
mentioned methods of obtaining diversity 
operation. At the receiving end, the di¬ 
versity pairs of channels 1 and 2, 3 and 4, 
etc., are combined in a quadruple diver¬ 


sity selector. This mode may be em¬ 
ployed when using either space or fre¬ 
quency diversity operation. It is physi¬ 
cally accomplished by front panel selector 
switches for 2-channel or 4-channel diver- 
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sity. When quadruple diversity is em¬ 
ployed, the number of teletype channels 
is halved. 

From the foregoing, it can be seen that 
the teletype terminal AN/FGC-29 pro¬ 
vides for a flexible new type of mili tary 
fixed plant systems operation. It is a 
piece of equipment specifically designed to 


satisfy the requirements of the system 
which existing items have never ap¬ 
proached. Tests conducted on the design 
approval model of the terminal indicate 
that it will fully live up to expectations. 
A future paper is planned which will re¬ 
port on the more important performance 
results obtained. Preliminary results are 


excellent. A summary of the outstand¬ 
ing features of AN/FGC-29 , in compari¬ 
son with the type-40 Cl now in use, is 
shown in Table I. 

- —♦- 

No Discussion 


Equipment and Mechanical Features of 
the AN/TRC-24 Radio Set 

V. I. CRUSER 

NONMEMBER AIEE 


C OMPANION papers 1 - 2 on the AN/ 
TRC-24 radio set have covered the 
military characteristics and the systems 
requirements, circuit description, and 
operating features. The purpose of this 
paper is to present a mechanical and 
equipment story which, when added to 
the electrical features already described, 
will round out the picture of the entire 
AN/TRC-24 system. 

The equipment designers also have had 
military requirements to meet. To ob¬ 
tain a well-integrated system for military 
use, it is recognized that, no matter how 
excellent the circuitry, the equipment is of 
no practical value unless it meets certain 
exacting physical requirements. The 
equipment must be easily transported, 
rugged, easy to set up, and quickly on the 
air. It must operate over wide humidity 
and temperature ranges day in and day 
out. It must be easily maintained. And 
it must be produced at a reasonable cost. 
In more detail, some of the more rigorous 
physical requirements are: 

1. The packages shall be of such weight 
and form as to be conveniently handled by 
not more than two men. 

2. Equipment shall withstand 3 hours of 
bouncing on a table moving vertically at 285 
cycles per m i n ute through a total amplitude 
of 1 inch. This simulates an accelerated 
jeep ride over rough and frozen ground. 

3. Equipment shall withstand storage for 
an unlimited time in temperatures from —80 
to -|-165 degrees Fahrenheit and operate in 
temperatures from —65 to +150 degrees 
Fahrenheit. 
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4. Equipment shall withstand five 48-hour 
humidity cycles. 

The equipment packages which make 
up the AN/TRC-24 radio set may 
be divided into three groups, as de¬ 
scribed in the following. A display of ac¬ 
tual production units for the entire system 
consisting-of 21 packages is shown in 
Fig. 1. 

A. The antenna and antenna mast, shown 
at the right, require a total of 11 packages: 

3, mast sections \. , , 

1, stakes and sledge ! m the fore * romld 
1, guy wires and other accessories 
1, two reflectors 
1, reflector support 

1, antennas, 100 to 226 megacycles (me) 

1, antennas, 225 to 400 me 

2, antenna cable reels 

B. The essential operating equipment, 
shown at the left, requires only six packages: 

1, transmitter 
1, receiver 

1, power supply for transmitter 
1, alternate tuners 
1, autotransformer 

1, equipment accessories and spares case 

C. Finally there are four supplementary 
packages: 

1, power accessories case including one 
interconnecting box, one switch box and 
one radio-frequency wattmeter 
1, band-pass filters, 100 to 225 me 
1, band-pass filters, 225 to 400. me 
1, power cable reel . 

Many of these packages contain me¬ 
chanical or electronic gear which must be 
protected from the rigors of the bounce 
test. To provide this protection, the 
equipment is housed in an inner case 
which is supported by means of rubber 
mounts in an outer or transit case. Units 
such as the transmitter, the transmitter 
power supply, and the receiver which con¬ 
tain field replaceable components such as 
vacuum tubes are arranged so that the 
complete chassis may be partially with¬ 


drawn on roller slides from its inner case 
for this servicing, as shown in Fig. 2. 
The construction of these transit cases 
follows, in general, a design originally de¬ 
veloped by the Signal Corps and provides 
an interlocking feature for stacking. 

Both the transmitter and receiver cir¬ 
cuits have been sectionalized functionally 
for convenience of manufacture and field 
replacement. Each individual subunit is 
connected to the common wiring by means 
of a plug and jack to further facilitate 
shop and field testing. Quick-fastening 
devices facilitate removing and replacing 
these units. The tuning units, for both 
the transmitter and the receiver, are 
easily replaceable in the field without 
withdrawing the parent unit from its 
inner case. Here, particularly sturdy 
alignment pins control the engager 
ment of the mating plug and jack to guard 
against damage through careless handling. 

Certain details of the antenna design 
may be of interest. For this design; 
the simple half-wave dipole and plane re¬ 
flector was chosen primarily because of 
its broad-band characteristic and its 
physical size and shape. Each radiation 
is a 2-piece telescopic assembly. Only 
two different designs of dipoles are re¬ 
quired to cover the full 100- to 400-mc 
range. For low-frequency design only 
three sets of adjustments are needed to 
cover the 100- to 225-mc range, and for 
the high-frequency design only two set¬ 
tings cover the entire 225- to 400-mc 
range. This is important inasmuch as 
each time the dipoles have to be replaced 
or readjusted because of a change in op¬ 
erating frequency, the complete mast 
must be lowered, raised again and re¬ 
oriented for maximum gain. As illus¬ 
trated in Fig. 3, both the receiving and 
sending antennas are mounted atop a 
single mast. Each reflector is only 4 feet 
high and 4 feet 6 indies wide. It is 
hinged in the middle so it may be folded 
for easy packaging and is arranged to be 
mounted for either horizontal or vertical 
polarization of the assodated antennas. 
In the illustration, the antennas at the 
left are polarized horizontally and those 
at the right, of lower frequency, are polar¬ 
ized vertically. Stay guys secured to the 
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Fig. 2 (left). Radio transmitter/ tuning unit and transmitter chassis 
partly withdrawn from transit case 

Fig. 3, (below). Complete antenna shown assembled and mounted on 

the mast 


Fig. 1. Complete complement of packages for the AN/TRC-24 radio set, covers removed from 

transit cases 


outside edges of the reflectors stabilize 
the whole assembly during high winds. 
The two reflectors with a full complement 
of dipoles weigh slightly more than 100 
pounds. 

In some cases separate masts will be 
required for transmitting and receiving. 
For these cases, the support bracket may 
be rotated atop the mast so that only one 
reflector is centered on each mast. The 
antenna mast itself is basically of the 
same design as the one so successfully 
used all during World War II by the 
Signal Corps. Normally, nine sections 
each 5 feet long are fitted together to 
form a 45-foot mast. A set of four guy 
wires support the mast at each 15-foot 
level. The mast and antenna assembly 
has been designed to withstand a 1/2-inch 
ice load and 100-mile-per-hour winds. 

Of the operating units, the transmitter 
is most complex from a mechanical view¬ 
point. For ease of assembly and main¬ 


tenance, this unit has been designed in 
three layers and is illustrated in Fig. 4. 
The top layer, which contains all of the 
smaller chassis for the generating circuits, 
is hinged along its lower front edge so 
that it may be raised to provide access to 
the middle layer. The middle layer, 
which contains the blower assembly and 
the exciter chassis including the driver 
stage, is stationary. The bottom layer, 
also stationary, houses mainly the band¬ 
pass filter and the final stage, or stages, 
in the radio-frequency tuning unit. Both 
of the latter units are arranged to be 
plugged in from the front. 

In the transmitter tuning units, tuned 
cavities are employed in the final power 
stages. In the C-band unit, these cavi¬ 
ties are of the “folded back” or “tele¬ 
scopic” design for compactness so that 
both the grid and plate cavities are ar¬ 
ranged coaxially with the associated high- 
frequency amplifier tube mounted at the 


end. Fig. 5 gives some idea of the 
amount of hardware packed into the 2- 
stage tuning unit. Note the vacuum 
tubes held in by the “life-saver” clips at 
the near end of each stage. 

The manner of driving the plate-short- 
circuiting plungers in the transmitter 
cavities may be of interest. These 
plungers, which may be distinguished by 
the beaded appearance of the contacting 
tines, are several inches in diameter and 
travel approximately 5 inches. Each 
plunger is held in alignment and at the 
same time is driven by two sturdy out¬ 
board lead screws, one above and one 
below the plunger. These driving screws 
ride in an accurately threaded yoke to 
which the plunger is attached. Each 
pair of lead screws is driven in step from 
one knob. For this purpose, the simple 
and rugged sprocket-and-chain drive of 
the Morse lightweight precision type is 
employed. With a convenient idler on 
an eccentric shaft to take up slack, this 
type of drive contributes essentially no 
backlash and very little to the torque 
load. 

The design of the contacting tines for 
the various tuning plungers was a study 
in itself. The selection of the proper ma¬ 
terial, the cross section and length of the 
tine, the shape of the contact, the hard¬ 
ness, the finish, the burnishing, and the 
lubricant all played a part in getting con¬ 
stant contact with low sliding friction 
and long life without burning or scoring. 

It is in these power cavities that much 
of the total transmitter input wattage is 
dissipated. Extreme temperatures at the 
tube, of course, would not only ruin the 
tube in no time but would also draw the 
temper from the associated contact 
springs. Passageways for cooling air 
were tortuous in route and very limited in 
size so that air at a relatively high pres¬ 
sure and volume was required. The 






























Fig. 4. Radio transmitter; rear view of chassis 
removed from transit case showing access to 
blower assembly and exciter unit 


package for this air supply had to be 
small and relatively light in weight. A 
high-speed a-c vacuum cleaner type of 
motor with a single stage blower was 
selected and may be seen in Fig. 4 at the 
left side of the middle equipment layer. 
Special attention was given to the shape 
of the blower fins and housing and to the 
balancing of the rotating parts to reduce 
noise and vibration. The motor-blower 
unit was mounted on rubber. 

In spite of the careful balancing and 
special mounting of the blower, the micro- 
phonic pickup in the early stages of the 
exciter circuit was still intolerable. Re¬ 
sorting to rubber again, the exciter unit, 


mounts. This solved the microphonic 
problem but, of course, the next step was 
to i mm obilize these mounts during the 
time the equipment was in transit. To 
accomplish this, an inclined-plane pickup 
was designed with an operating lever ac¬ 
tuated by the front cover of the transit 
case. This pickup assembly may be seen 
in Fig. 4 on the under side of the hinged 
top equipment layer. With the front 
cover removed from the transit case, the 
exciter unit rests freely upon its vibration 
mounts. Replacing the cover actuates 
the operating lever and the exciter unit is 
lifted off of the vibration mounts and 
locked against the framework. The 
mounts for the blower are made somewhat 
heavier than normal for vibration damp¬ 
ing so that it is unnecessary to lock them 
out during transit. 

Just a few words about the general ven¬ 
tilation of the transmitter. The anti¬ 
gravity system has been used, pulling the 
cool air in from the top of the transit ms* 
and forcing it out the bottom. Utilizing 
half of the 1-inch space between the i nner 
and outer cases, ducts were formed so that 
air at relatively low velocity is drawn 
through a dust filter in the top of the inno r 
case across the vacuum-tube chassis in 
the top layer of equipment. Then, by 
means of the blower, it is forced under 
pressure and at relatively high velocity to 
the power tubes and then released against 
atmospheric pressure along the lower edge 
of the transit case. While, as might be 
expected, the motor-blower unit develops 
an appreciable whine, by carefully balanc¬ 
ing the rotating parts and using rubber 
mounts it has been reduced to an ac¬ 


ceptable degree. To protect the power 
tubes in case of blower failure, a centrif¬ 
ugal switch has been built into the motor 
to cutoff the high-voltage supply when the 
motor speed falls appreciably. 

The receiver was designed so that the 
separate wired panels are arranged as 
satellites around the tuning unit as a core. 
As may be seen in Fig. 6, this arrangement 
provides easy access for tube replace¬ 
ment by simply withdrawing the whole 
receiver chassis from its transit case. In 
fact, all apparatus components recognized 
as field replaceable items face outward. 
As in the transmitter, the tuning unit, 
being optional for either of the two fre¬ 
quency ranges, may be quickly replaced 
from the front. 

The receiver tuning units have been de¬ 
signed around existing types of radio¬ 
frequency line tuners. After considera¬ 
ble exploration, a Mallory inductuner 
was chosen as the heart of each of the re¬ 
ceiver tuning units. Fig. 7 shows its use 
in the 225 to 400-mc receiver tuning unit. 
Considerable effort went into the de¬ 
velopment of the “butterfly” type of os¬ 
cillator circuit associated with this unit. 
Because of the stringent settability and 
temperature stability requirements, ex¬ 
treme care was taken to insure that the 
receiver could be pretuned to the fre¬ 
quency of a remote transmitter. This 
meant that the butterfly had to be de¬ 
signed with extremely close tolerances 
and built with exacting care in order to 
track with a standardized dial. Backlash 
had to be minimized with close bearing 
fits and antibacklash gearing; and the as¬ 
sembly had to be of low coefficient ma- 
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shown at the right of the blower, was 
mounted on very lightweight vibration 





Fig. 7 (above). Receiver tuning unit of 225 to 400 me showing associated 
butterfly-type oscillator 

Fig. 8 (right). Two types of network assemblies with adjustable cou¬ 
pling between inductances 




terial (invar) with compensation for tem¬ 
perature effects over the full frequency 
coverage within the range of the auto¬ 
matic frequency control circuit. Note 
that the oscillator tube is mounted 
directly upon the butterfly frame to 
minimize the length of the grid and plate 
leads. Cooling the receiver involves the 
use of a small axial-fan type of blower 
under control of a thermostat to retain 
self-generated heat when operating at 
low temperatures. The thermostat 
starts the fan only after the ambient 
temperature reaches approximately 85 
degrees Fahrenheit. 

A series of small components which 
have played a large part in the design 


include the intermediate-frequency inter¬ 
stage networks and the limiter-discrimina¬ 
tor coils. Most of these involve slug- 
tuned intercoupled inductances. New 
designs were called for here since there 
were no known equivalents on the market 
which could provide an independent ad¬ 
justment of the inductive coupling. Two 
different types of these are illustrated in 
Fig. 8. It should be noted that the as¬ 
sembly at the left provides end-to-end 
coils for dose coupling; the one at the 
right provides side-by-side coils for looser 
coupling. After the coupling is adjusted 
in the shop, the movable spool heads are 
soldered to the four corner posts at the 
eyelets. Final slug adjustments are then 


made for each coil. While these are 
simple devices, the man at the test-and- 
adjust bench appredates them because 
they afford him full control of all the fac¬ 
tors with which he is dealing. 
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Military Requirements for Radio 
Relay 

P RIOR to World War II, the Armed 
Forces’ need for multitelephone chan¬ 
nel trunk circuits was satisfied by the use 
of metallic wire tircuits. Early in the 
war, it was demonstrated that the flu¬ 
idity of movement which accompanied 
blitz-type warfare required a more rapid 
means of providing multichannel trunk 
facilities than could be had with wire cir- 
cuits. As a result, military radio relay 
equipment operating in the very-high- 


frequency range was developed early in 
1942, capable of providing rapidly instal¬ 
lable transmission facilities for four fre¬ 
quency-division multiplexed voice chan¬ 
nels. This equipment was used success¬ 
fully in all theaters of operation through¬ 
out World War II, condusively demon¬ 
strating the tactical advantages of this 
type of transmission facility. In addi¬ 
tion, 8-channel microwave equipment, 
using time-division prindples of multi¬ 
plexing, was developed for use at high 
echelons of command. 

Experience gained during World War II 


demonstrated that fluid movement of 
large tactical units may again be ex¬ 
pected. Furthermore, wide dispersal of 
Army units was evidenced and could 
again occur, which will require rapidly 
installed trunk circuits 100 to 200 miles in 
length. It may be assumed that situa¬ 
tions will exist where tactical units are 
isolated and the only means for providing 
multichannel trunk communications will 
be by radio relay systems. For these 
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Fig. 1 (left). In- tion products to meet systems require- 
terchannel cross- ments. The details of the circuits which 
talk test filter were developed by the Bell Telephone Lab- 

characteristics oratories for use in radio set AN/TRC-24 
are described in a companion paper. 1 

Based upon existing requirements, the 
investigations previously mentioned, and 
experience gained in the use of prior radio 
relay equipment, spedficational require¬ 
ments were evolved for radio relay equip¬ 
ment usable with either the 4- or 12- 


reasons, radio relay systems will probably 
provide a primary means for military 
trunk communications. 

Basic System Planning 

Considerations 

The increasing complexity of warfare 
has resulted in constantly increasing re¬ 
quirements for the quality and capacity 
of multichannel trunk circuits over those 
previously available with prior military 
communications systems. A co-ordi¬ 
nated multichannel system development 
was therefore initiated by the Signal Corps 
Engineering Laboratories (SCEL) prior to 
the Korean conflict for frequency-divi¬ 
sion multiplexed carrier telephone equip¬ 
ment using either cable or radio relay as 
transmission mediums. Studies made 
at the initiation of the program resulted 
in the decision to initiate development of 
carrier telephone systems of both 4- and 
12-channel capacity. The radio relay 
system was developed to provide the same 
quality of transmission as spiral-4 cable 
systems for either 4- or 12-telephone chan¬ 
nel service. 

Though several radio relay systems 
were available at the time the develop¬ 
ment was started, none was of a design 
that would meet military requirements. 
Military use requires that the equipment 
be capable of working over extreme sup¬ 
ply voltage, line frequency, humidity, 
and temperature ranges, be capable of 
being moved and installed quickly, stand 
extended rough usage under tactical field 
conditions, and be operable by relatively 
untrained personnel. Furthermore, the 
need was indicated for wide frequency 
coverage with a minimum of frequency 
determining elements to permit the ap¬ 
plication of flexible frequency allocation 
plans. Since the area of use and availa¬ 
bility of frequency spectra would be 
changeable, sufficient frequency coverage 
had to be provided to permit expected 
heavy multiple system use in a given 
area with a minimum of interference. 
The frequency coverage that was required 
exceeded greatly the tuning ranges of 
available military or commercial designs. 


Additionally, the components used to 
construct the equipment were required to 
be the standard ones used by the military 
service, which were already in the mili¬ 
tary supply systems. 

Before the beginning of Korean hostili¬ 
ties, studies conducted by the SCEL had 
shown that the best design to be used for 
satisfying existing tactical requirements 
was for equipment operating in the upper 
very-high-frequency and lower ultrahigh- 
frequency ranges, where siting problems 
were not acute and where fading problems 
were not expected to be serious. There 
are many services operating in these fre¬ 
quencies, and it was essential that the 
radio relay system use the minimum radio¬ 
frequency bandwidth consistent with 
performance requirements. This con¬ 
sideration led to the specification of a 
system using modified frequency modula¬ 
tion with the pre-emphasis used being a 
compromise for best crosstalk and noise 
performance. It was evident that the 
major design problems were the provision 
of the wide tuning range required without 
undue sacrifice of performance, simplicity 
and reliability, and the maintenance of 
low amplitude distortion, and therefore 
low interchannel crosstalk, during field 
operations. 

Experimental work at the SCEL had 
resulted in a method of generating crystal 
reference frequencies over wide tuning 
ranges which promised success, and in 
circuits which yielded low enough distor- 


channel telephone system. To expedite 
the availability of both the wire carrier 
telephone system and the radio relay 
system, contracts were initiated with the 
Western Electric Company in July 1950 
for both the radio relay and carrier com¬ 
ponents. Many relatively untried radio 
component designs were considered and 
discarded; only tried and proved tech¬ 
niques were used, unless necessity dictated 
otherwise. 

Spedficational Requirements 

The interchannel crosstalk require¬ 
ments specified for the radio relay system 
were based upon meeting the Signal Corps 
communication system standards for via 
trunk performance. These standards re¬ 
quire that the noise-plus-crosstalk power 
at the zero level point of any voice fre¬ 
quency channel in via trunk use not ex¬ 
ceed 38 decibels (db) adjusted with FI A 
weighting. The interchannel crosstalk 
performance specification of the radio 
relay system was based upon meeting 
this requirement over an 8-jump system. 
Interchannel crosstalk was specified on 
the basis of random noise loading as illus¬ 
trated in Fig. 1. Random noise, restricted 
to the 17.5 to 56-kc range at a mean 
power level of 3 db above 1 milliwatt, and 
a simulated carrier pilot tone at a fre¬ 
quency of 68 kc and at a level of 0 db 
above 1 milliwatt were used to load the 
radio relay system at full deviation, with 
an over-all circuit loss of 0 db on a modu- 


Table I. Noise Modulation Crosstalk Tests with Temperature and Humidity Variations 


—40 Degrees +78 Degrees +132 Degrees 

Fahrenheit Fahrenheit Fahrenheit 

Frequency, - - - 

Me C/A C/B C/A C/B . C/A C/B 

Temperature Test 


100.25. 47.51 .54 .54 .54.54* 

224.75.60.53 ..48 . 53 . 47...52 j 

225.5 . 51.48.5..47 . 53 .53.51j 

399.5 . 50.53 . 53.5.53.5.52.64 


Standard Signals Corps Humidity Test 

1 Cycle 2 Cycles 5 Cycles 

Frequency, - - - 

Me C/A C/B C/A C/B C/A C/B 



Note: All ratios shown are in db. 
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Fig. 3. Antenna assemblies used with radio set AN/TRC-24 




Fig. 2. Insertion loss characteristics of an¬ 
tenna band-pass filters. Insertion loss at 
tuned frequency less than 1 db 


lation frequency basis. The mean noise 
power in the 12 to 16-kc, 32 to 36-kc, and 
60 to 64-kc ranges, designated as the A, 
C, and B channels respectively in Fig. 1, 
were then measured at the receiver out¬ 
put. The ratio of the in band to out-of- 
band power levels, namely the C/A and 
C/B ratios, were specified to be not less 
than 45 db. Table I lists the data ob¬ 
tained when the radio relay system was 
subjected to extremes of temperature and 
humidity variations at various operating 
radio frequencies. These data indicate 
not only compliance with the specifica¬ 
tion but are evidence of the performance 
that may be expected under severe field 
conditions. The random noise method of 
crosstalk measurement has been used 
throughout the development and produc¬ 
tion phases. 


The range of operating frequencies 
selected for this equipment was from 50 
megacycles (me) to 600 me. The lower 
limit of 50 me was chosen since it is the 
approximate lowest frequency not sub¬ 
ject to sky wave transmission, while the 
upper frequency of 600 me was dictated 
because of the nonavailability of suitable 
transmitting and receiving tubes for 
higher frequency operation. It was de¬ 
cided that the 50 to 100-mc and the 400 to 
600-mc ranges would not be included in 
the basic contract since the 50 to 100-mc 
spectrum was already in use by other 
radio relay and tactical equipment, and 
since the 400 to 600-mc range presented a 
development problem of considerable 
magnitude. The frequency range of 100 
to 400 me was accordingly specified. The 
design in the 100 to 400-mc components 
was based, however, on ultimately achiev¬ 
ing operation in the 50 to 100- and 400 to 
600-mc ranges at minimum additional 
cost. It appeared that this could best 
be done with basic transmitting and re¬ 
ceiving units with the operating radio fre¬ 
quencies obtained by means of physically 
interchangeable plug-in units. The range 
of 100 to 400 me was considered to be best 
provided in two ranges with each of the 
plug-in units providing about an octave 
coverage. Results of studies had indi¬ 
cated that this coverage was the maximum 
permissible consistent with good elec¬ 
trical performance and equipment sim¬ 
plicity. 

The components allied to a particular 
frequency range of operation have been 
so designed and packaged that, if opera¬ 
tion is restricted to one frequency range, 
only those components which are applica¬ 
ble to that frequency band need be pro¬ 
cured or transported to the operating site. 


A considerable saving in money and 
logistic complication is thereby effected. 

Operational and Maintenance Con¬ 
siderations 

The design of all tactical radio equip¬ 
ment is based upon meeting the particular 
functional requirements under extreme 
temperature and humidity and rough 
field use. With the short-range single 
channel equipments, emphasis is placed 
on small size, light weight, submersion 
proofing, and “Aide” tuning. Since radio 
relay equipment is continuously operated 
and used more to the rear areas, extreme 
emphasis is not placed on size, weight, 
and speed of changing frequencies, but 
ease of maintenance and reliability are 
stressed. The tactical short-range 
equipments are almost always operated 
by relatively unskilled personnel and 
these equipments are characterized by a 
min imum of controls and adjustments. 
The radio relay philosophy is that, even 
though the operator may not be trained 
to maintain or repair the equipment, suffi¬ 
cient controls, metering positions, and 
alarms are included to signify perform¬ 
ance on a system and individual com¬ 
ponent basis so that a system may be 
adequately aligned and monitored and the 
quality of transmission determined. Nor¬ 
mally, repair to radio relay components is 
carried out at depots or in transportable 
maintenance vehicles where skilled per¬ 
sonnel and adequate test equipment are 
available. To facilitate maintenance, 
great pains were taken to allow for open, 
orderly construction with removable, ac¬ 
cessible subassemblies that could be re¬ 
moved, tested, and interchanged in their 
entirely. Every precaution was taken to 
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NOISE PLUS CROSSTALK IN VOICE CHANNELS-DBA 



have all components work below their 
permissible ratings to assure reliable per¬ 
formance under continuous service with 
extremes of temperature and humidity. 

Reliable military use in geographically 
isolated areas requires that the equipment 
be issued with all running spares, align¬ 
ment tools, and other special items. 
Sufficient running spare parts and opera¬ 
tor maintenance equipment are packaged 
and provided with each radio relay ter¬ 
minal or repeater station to assure 3 
months’ continuous operation. 

In so far as possible, the components of 
the radio relay system will be maintained 
with standard items of military test 
equipment. Two specific developments 
have been carried out to provide the 
necessary test instruments that were not 
available as standard items at the time 
development of the radio relay system 
was initiated. The first of these is signal 
generator SG-3, built by Measurements 
Corporation, which provides frequency- 
modulated signals over the 50 to 400-mc 
frequency range. The basic problems 
associated with this development were 
the low distortion frequency-modulated 
performance required and the 8-to-l fre¬ 
quency coverage. The second item, es¬ 
pecially developed by M. C. Jones Com¬ 
pany, was radio frequency wattmeter 
ME-82. This wattmeter is usable for 


Table II. Interchannel Crosstalk Ratios Ob¬ 
tained with Noise Modulation Over a 1-Jump 
and a 2-Jump Radio Relay System 



measurement and continuous dissipation 
of radio frequency power at a level of 100 
watts in the frequency range of 50 to 600 
me. 

Quite often the repeater and terminal 
stations of a radio relay system are in¬ 
stalled simultaneously or in random se¬ 
quence. It was therefore necessary to 
include in the design of the equipment 
means to permit the operator to align 
completely his station prior to the recep¬ 
tion of a remote signal. It is also proba¬ 
ble that a complete radio system will be 
installed prior to the interconnection of 
the radio terminal station with the tele¬ 
phone terminal equipment and cable. 
Means have been provided to permit com¬ 
plete alignment of the radio relay system 
independent of the wire terminal equip¬ 
ment and cable circuits to assure complete 
readiness of the radio system prior to the 
connection of the telephone terminal 
equipment so that completion of align¬ 
ment of the entire system is not so com¬ 
plicated and time consuming. 

To obtain proper system supervision 
and maintenance, order wire facilities 
were provided that permitted signaling 
and talking between any radio terminal 
station, radio relay station, attended tele¬ 
phone repeater station, or telephone ter¬ 
minal station on a party-line basis. It 
is also possible to communicate with any 
of these stations from either half, or be¬ 
tween halves, of a repeater station whose 
easterly and westerly components may 
be separated by a length of spiral-4 cable, 
due, e.g., to siting considerations. 

Antenna System Planning and Design 

The design of the AN/TRC-24, in¬ 
corporating greatly extended frequency 


range, increased traffic capacity, and op¬ 
eration in the ultrahigh-frequency range, 
led inevitably to greater weight and 
size than earlier very-high-frequency sets. 
To minimize this disadvantage, every 
effort was made to eliminate nonessentials. 
The AN/TRC-24, as used in the field, is 
only 20 per cent more in volume and 18 
per cent more in weight than previous 4- 
voice channel very high-frequency equip¬ 
ment, which tuned only narrow frequency 
ranges. 

A major saving in weight and volume 
was obtained by a new design of the an¬ 
tenna system and its associated mast. 
Previous military very high-frequency 
systems have used separate masts for 
each transmitting or receiving array; 
the masts have represented a large frac¬ 
tion of the bulk of each station. The 
feasibility of mounting transmitting and 
receiving antennas on the same mast with¬ 
out exceeding the size dictated by tac¬ 
tical considerations was determined at 
SCEL by the design of a wide-band “fat- 
dipole” antenna and comer reflector, 
used in conjunction with a high-pass low- 
pass branching filter which required no 
tuning adjustments over the range of 
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Fig. 7. 1 2-channel radio relay terminal station with spare components 


100 to 225 me. 2 Though this design 
possessed the attractions of operational 
simplicity and relatively low cost, the de¬ 
sign was subsequently modified dur¬ 
ing the development phase to provide 
12 tunable band-pass filters covering the 
100 to 400-mc range. These filters are 
used between the antenna and transmitter 
or antenna and receiver, and provide 
enough decoupling between the transmit¬ 
ting and receiving antennas to allow a 
small transmitter to receiver frequency 
spadngs when only one mast is used. 
The band-pass filters are quite effective 
in reducing spurious emissions of the 
transmitter and spurious responses of the 
receiver, providing needed flexibility in 
frequency assignments used in field sys¬ 
tems. Typical attenuation versus fre¬ 
quency curves are shown in Fig. 2 for the 
highest and lowest frequency antenna 
filters. 

The antenna design finally selected, 
shown in Fig. 3, uses a common reflector 
for the 100 to 400-mc range, and may be 
operated either horizontally or vertically 
polarized. In special situations separate 
masts may be used for transmitting and 
receiving antennas. 

Test and Evaluation at SCEL 

Preproduction models of radio set 
AN/TRC-24 were delivered to the SCEL 
in November 1952. Approximately 5 
months were spent in evaluation of the 
equipment by laboratory testing, tem¬ 
perature, humidity, shock, vibration and 
bounce tests, and by field and systems 
testing. Electrical specifications were 
found to be met with only minor excep¬ 
tions, and the design of the equipment was 
found to be exceptionally good mediani- 
cally. The contractor wisely placed heavy 
emphasis on mechanical engineering from 
the inception of his effort. No difficulties 
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were encountered in the interoperation of 
the radio, cable, and carrier systems. 
Though only short systems were tested 
because of lack of sufficient equipment, 
operation of simulated tactical circuits, 
with military personnel, gave satisfactory 
results. An evaluation of the reliability 
and quality of the system after extended 
periods of operation was not possible, but 
is in progress at SCEL now. A brief 
summary of some of the most interesting 
test results is given in what follows. 

A series of tests was made at the SCEL 
to determine minimum transmitter to 
receiver frequency spadngs permissible 
both with and without the antenna filters 
described in the foregoing. Fig. 4 illus¬ 
trates the results obtained with a received 
radio-frequency carrier frequency of 
100.25 me while the interfering source 
was varied in frequency. The interfering 
source was a transmitter operating at a 
normal power output level of 80 watts 
with noise modulation on the carrier 
simulating the effect of multichannel 


speech loading. The disturbing effect 
was noted by measuring the ambient 
noise in a voice channel of the 12-channel 
telephone terminal equipment which ter¬ 
minated the receiver output. The noise 
levels obtained, which are plotted versus 
the separation in me between the received 
signal and the interfering source, were 
measured at the 0 db system level point 
with an FI A weighted characteristic. 
The measured noise level with the inter¬ 
fering transmitter turned off was 28 db 
adjusted. The measured cross coupling 
loss between the transmitting, or inter¬ 
fering source, antenna and the receiving 
antenna was 26 db. 

It was realized at the time the develop¬ 
ment specification was prepared that the 
wide tuning range specified would result 
in some sacrifices in systems characteris¬ 
tics. One of the most notable charac¬ 
teristics affected was the sensitivity of the 
receiver. The noise performance of the 
receiver as specified was based on only 
small margin over the minimum perform¬ 
ance indicated by theoretical calcula¬ 
tions, but due concessions were made to 
the unavoidable sacrifice in noise figure 
dictated by the wide tuning ranges re¬ 
quired. The measured noise figures at 
the extremes of temperature and also with 
high relative humidity do not exceed 12 
db in the 100- to 225-mc range and do not 
exceed 15 db in the 225 to 400-mc range. 

Systems tests were made over a 2-jump 
radio relay circuit terminated with the 12- 
channel carrier telephone terminal to 
correlate the interchannel cross-talk per¬ 
formance measured with noise loading 
techniques with that obtained under 
speech loading. Six channels were simul¬ 
taneously loaded with speech modulation 
at a level of approximately —2 volume 
units per channel at the system 0 level 





















point. This degree of loading, which 
had been computed as being proper to 
simulate expected field traffic, had formed 
the basis for the determination of the peak 
system load with the noise modulation 
method of measuring interchannel cross¬ 
talk. Fig. 5 illustrates the results ob¬ 
tained over the 2-jump circuit. The X 
marks indicate those channels which were 
modulated simultaneously. The read¬ 
ings of idle noise-plus-crosstalk power 
which were measured in the unmodulated 
chaftnels are noted under each measured 
channel. The readings in parentheses 
indicate the idle noise power measured 
with no modulation. All readings were 
taken at the 0 db system level point with 
an FI A weighted instrument. The mili¬ 
tary communication system standards 
require that the noise-plus-crosstalk power 
in a 4-kc trunk circuit of a 2-jump system 
be less than 32 db adjusted. The data 
in Fig. 5 indicate that the radio relay 
system provides adequate crosstalk per¬ 
formance for via trunk use. 

This 2-jump circuit was also tested with 
the random noise modulation method 
which has previously been described. 
The data obtained are shown in Table II 
with the C/A and C/B ratios correspond¬ 
ing to the ratios of power measured in the 
spectra illustrated in Fig. 1, at the system 
0 level point. The military communica¬ 
tion system standard for 2-jump radio 
relay system of noise-plus-crosstalk power 


less than 32 db adjusted in any voice 
channel corresponds to a mean long-time 
speech to mean noise-plus-crosstalk power 
ratio of approximately 47 db or greater. 
The data obtained therefore indicate that 
the random noise loading used for test 
purposes is realistic in simulating expected 
field performance. Table II indicates 
the crosstalk products in the 2-jump sys¬ 
tem add on a power basis, as would 
random noise. Whether any in-phase 
addition in long systems will be encoun¬ 
tered is not yet known. 

Fig. 6 illustrates the noise power meas¬ 
ured at the 0 level point of the system of a 
12-channel system with varying radio¬ 
frequency input power levels to the re¬ 
ceiver, at differing radio frequencies. 
The line drawn parallel to the abscissa 
indicates the input power level to the re¬ 
ceiver required to obtain a noise level of 
29 db adjusted, the noise power which is 
the maximum permissible in any jump of 
an 8-jump system. 

Field Issue and Use 

To minimize circuit outages, the radio 
relay equipment is issued to the using 
organizations with 100 per cent of the 
major components in stand-by at the radio 
terminal stations and with 50 per cent of 
the major components in stand-by at the 
radio relay stations. The fact that these 
stations are frequently located in isolated 


high points on the terrain, far from main¬ 
tenance and supply depots, justifies the 
duplication of components which com¬ 
prise a large percentage of the total ex¬ 
pense, cost, and weight. The radio relay 
equipment is currently in quantity pro¬ 
duction by the Western Electric Com¬ 
pany and initial shipments have been 
made to using Army organizations. 

Fig. 7 illustrates an operating 12-chan¬ 
nel terminal station, complete with stand¬ 
by major radio relay components and also 
a 12-channel carrier telephone terminal 
with voice frequency ringers for each 
channel. The stand-by transmitter, 
transmitter power supply, and receiver 
are to the extreme left of this figure. 

Fig. 8 shows an operating 12-channel 
repeater station, complete with stand-by 
major radio relay components. The 
stand-by transmitter, transmitter power 
supply, and receiver are to the extreme 
left of this figure. 
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Rural Automatization in the Swedish 
Telephone System 
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W HEN AN automatization of the 
Swedish telephone system came 
under serious consideration at the begin¬ 
ning of the 1920’s, there were available 
two quite distinct types of selectors. One 
of these selectors was the L. M. Ericsson 
machine-driven 500-line selector and the 
•other was the Swedish crossbar selector. 
Telephone plants under consideration at 
that time for automatization chiefly com¬ 
prised large telephone plants in densely 
built-up areas. It was a difficult matter 
in those days to make a choice between 
the two types of selectors. One arrange¬ 
ment which would enable the crossbar 
selector to compete economically with the 
500-line selector for large telephone plants 

Bjurel 


was the employment of marker control. 
Thus marker systems were proposed as 
early as the beginning of the 1920’s by 
advocates of the crossbar selector. The 
Board of Telecommunications, however, 
decided on several grounds not to adopt 
such systems at that time. One reason 
was the possible service risks of common 
control systems which were not suffi¬ 
ciently eliminated until later. Another 
reason was that in the 1920’s it was not 
possible to determine the magnitude of the 
decrease in first cost, plausible in itself, 
that might be obtained with marker sys¬ 
tems. Determination of that point re¬ 
quired a mathematical treatment that was 
not developed until later. The choice was 


therefore given to the L. M. Ericsson 
machine-driven 500-line selector for the 
automatization of the large exchanges 
in question. 

Nevertheless, interest in the crossbar 
selector was great in Sweden at that time. 
This selector, the idea of which was par¬ 
tially indicated in an application for pa¬ 
tent filed in the United States in 1901 by 
Homer J. Roberts 1 and later more com¬ 
pletely developed by J. N. Reynolds in 
1913, 2 had by 1919 been developed by the 
Swedish engineers, G. A. Betulander and 
N. Palmgren, into a design 3 that was prac¬ 
ticable and an improvement in essential 
respects. The selector had been tried 
that same year in Stockholm where a trial 
plant had been constructed on the marker 
principle. Thus experience with the 
crossbar selector was already available at 
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Fig. 1. Increase in number of automatic exchanges 1935- 
1954 


O TANDEM CENTRAL OFFICE 
@ GROUP CENTER 

Fig. 2. Principle of layout of ; 
the network in a number area> 


the beginning of the 1920’s, and in 1926 a 
crossbar exchange for 3,500 subscribers 
was completed at Sundsvall. For reasons 
already stated, this plant was designed as 
a step-by-step system, which in respect to 
grouping of devices and routing plan most 
nearly resembled the well-known Strow- 
ger system. 

Choice of Selector Type and Size of 
Exchange for Rural Automatization 

When automatization of Swedish rural 
areas came into question at the beginning 
of the 1930’s comprehensive experience 
concerning the properties of the crossbar 
selector was available from the plant at 
Sundsvall. In view of that selector’s 
great operating reliability and low main¬ 
tenance cost, the Board of Telecommuni¬ 
cations decided to employ the crossbar 
selector for the automatization of tele¬ 
phone plants in rural areas. 

A first system suited to the automati¬ 
zation of rural telephone plants was de¬ 
veloped in the years 1931-1932 and an 
experimental plant for 20 subscribers was 
put into operation in 1932. On the basis 
of experience with this plant, an initial 
series totalling 45 exchanges was designed 
for unit construction and manufactured 
for 10, 20, 50, and 90 subscribers. These 
first unit automatic exchanges were made 
with single contacts for relays and cross¬ 
bar selectors. Twin contacts were 
adopted in 1935 and a new, somewhat 
modified type was built in a series of 55 
exchanges. The difficulty in procuring 
manual operators for the small telephone 
plants of rural areas, and the advantages 
derived by subscribers from automatiza¬ 
tion, such as 24 hour service, led to ever- 
increasing interest in automatization of 
the rural service. Following further im¬ 
provements, and after far-reaching stand¬ 
ardization of the unit automatic ex¬ 
changes had been carried through, there 
were produced up to the middle of the 
1940’s no fewer than 1,200 crossbar plants 
for the automatization of rural areas. 
These plants were for the most part of 
unit construction made in sizes for the 
connection of 10, 20, 50, and 100 sub¬ 
scribers and could be connected to parent 
automatic or manual telephone plants. 

In view of advances in telephone tech¬ 
nique in the 1930’s and the extensive ex¬ 
perience that had been gained from cross¬ 
bar selector plants for small telephone ex¬ 
changes, at the beginning of the 1940’s 
the time had come for further redesigning 
of the rural unit automatic exchanges to 
comprise extensive standardization and 
improvement of operating reliability. Re¬ 
designing was carried out; after thorough 
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economic studies the sizes for the unit 
automatic exchanges were fixed at 40, 
60, and 100 numbers, and the new types 
were given the designation of Standard 
41.“ 

In all these types of unit automatic ex¬ 
changes for the automatization of rural 
areas, the crossbar selector was employed 
in principle as a directly or step-by-step 
operated selector. Interest in marker 
systems was stimulated during the 1940’s 
by the experience gained in the Bell 
System crossbar offices in the United 
States. Work on the development of 
marker systems for medium and large 
telephone plants was started about this 
time and resulted about the mid-1940’s 
in the development of a Swedish marker 
system known as A-204. 6 Exchanges of 
marker type were introduced as parent 
exchanges for rural unit automatic ex¬ 
changes and for all local exchanges larger 
than 200 subscribers. For exchanges of 
less than 200 numbers the marker system 
was not found to display any economic or 
technical advantages over the existing 
step-by-step system. Consequently the 
step-by-step system, Standard 41, was 
retained for the actual rural automatiza¬ 
tion as the system best suited economic¬ 
ally and technically to Swedish conditions. 
To provide for the need of exchanges be¬ 
tween 100 and 200 numbers auxiliary 
equipment was developed enabling a 100- 
number unit automatic exchange to be 
combined with a 40-, 60-, or another 100- 
number unit so as to obtain exchange 
capacities of 140,160, and 200 numbers. 

Since the start of automatization about 
2,800 automatic telephone exchanges 
have been installed in Sweden; see Fig. 1. 
Of these some 2,100 have been automa¬ 
tized with the Administration's own 
standard unit automatic exchanges. At 
the present time about 70 per cent of the 
country’s 2,000,000 telephones are con¬ 


nected to automatic telephone exchanges. 
The remaining telephones not yet auto¬ 
matized, amounting to 30 per cent or 
600,000 telephones, are distributed over 
no fewer than 4,600 separate telephone 
exchanges. Thus it is seen that a typical 
feature of the Swedish telephone system is 
that the exchanges in the majority of 
cases are small. The exchanges are com¬ 
paratively scattered, resulting in long 
journeys for the maintenance personnel. 
For this reason the exchanges must be 
constructed with the idea of the greatest 
possible operating reliability and the least 
possible maintenance. 

Numbering Scheme 

To enable full automatization of traf¬ 
fic between all telephone subscribers of 
the country to be progressively carried 
through, a numbering scheme suitable for 
the purpose was drawn up at an early 
stage. By this scheme, the whole country 
is divided into a series of number areas in 
each of which all subscribers are allotted a 
separate directory number. A sub¬ 
scriber’s directory number contains 5 or 6 
digits; the first two usually represent the 
code of the particular exchange within the 
number area. There are about 300 num¬ 
ber areas, known as net-work groups 
in Sweden. Each number area has 
been allotted a separate area code num¬ 
ber, network group number. For all 
telephone traffic between different num¬ 
ber areas the called areas’ code num¬ 
ber is dialed first and then the 5- or 
6-digit subscriber’s number is dialed. 
The area code numbers contain 3 or 4 
digits, and the digit 0 is always used as 
first digit. The sizes of the number areas 
are governed by traffic considerations and 
by technical and economic considerations. 
From the subscriber’s point of view it 
would be advantageous if the boundaries 
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Fig. 3 (left). New at¬ 
tenuation distribution 
for the Swedish tele¬ 
phone network. No¬ 
tations as in Fig. 2 


of number areas could coincide with easily 
remembered administrative areas, if such 
areas were comparatively large. How- 
over, obvious administrative areas that 
might constitute natural and easily re¬ 
membered. number areas are lacking in 
Sweden, and c ons equently only technical 
and economic points of view have dictated 
the division of the country into the com¬ 
paratively large number of number areas. 

Network Layout 

To enable telephone traffic to be hand¬ 
led economically the circuit network, rep¬ 
resenting the largest part of the invest¬ 
ment, must be given an efficient layout. 
Since the utilization of the circuits in¬ 
creases with increasing circuit group size, 
the network layout should be aimed at 
forming large circuit groups until reach¬ 
ing an economic optimum for the total 
costs of circuits and switching equip¬ 
ment. 

In the different number areas it has 
been found economically advisable to 
connect rural subscribers to small local 
exchanges, called terminal exchanges, and 
assemble the traffic from these exchanges 
to a central exchange common to the 
number area and known as a group center. 
In addition it has been economically jus¬ 
tifiable to connect a small type of parent 
exchange, known as a tandem central 
office, between the small terminal ex¬ 
changes and the group center. As a re¬ 
sult the network layout in Sweden has 
acquired the appearance shown in Fig. 2. 

The te rmin a l exchanges, which are 

Table I. Number of Markings on Subscriber’s 

Meter for Different Types of Calls 


Number of Markings on 
Calls Between Meter 


Subscribers at same, .one step on meter inde¬ 
exchange pendent of length of call 

Subscribers at differ-, .one step on meter for each 
ent exchanges in 6-minute period started 
same number area 

Subscribers in differ-, .one step on meter for each: 
ent number areas: 

Distances less than.. 46-second period started 
45 kilometers 

Distances of 45 to.. 24-second period started 
90 kilometers 

Distances of 90 to .. 16- second period started 

180 kilometers 

Distances of 180 to.. 12-second period started 
270 kilometers* 

Distances of 270 to.. 10-second period started 
450 kilometers 

Distances greater.. 8-second period started 
than 450 km 

* Distances greater than 450 kilometers have not 
yet been converted to subscriber dialing. 


predominant in the rural automatization, 
are for the most part made with unit auto¬ 
matic exchanges for 40, 60, or 100 num¬ 
bers. For terminal exchanges with be¬ 
tween 100 and 200 subscribers there is 
employed, as stated, a 100-number unit 
automatic exchange in combination with 
a 40-, 60-, or other 100-number unit, the 
two units operating by means of certain 
auxiliary equipment as a single unit. 

The network layout in the different 
number areas is star-shaped, as may be 
seen in Fig. 2. Nevertheless, if the traf¬ 
fic is large enough, in some cases direct 
routes may be arranged between two 
tandem exchanges in one number area. 
In such cases the traffic may be handled 
in the same way as in the system applied 
in the United States with alternative 
routing of traffic. The different routes in 
the number areas are given dimensions 
appropriate for 1 to 2-per-cent grade of 
service in accordance with Erlang’s loss 
formula. 

As regards traffic between the 300 
number areas of the country, a network is 
projected including transit centers and 
arranged for carrying the traffic also by 
alternative routing. The transit centers 
will be constructed with crossbar selectors 
and provide automatic compensation of 
attenuation. Because of the small geo¬ 
graphic extent of the number areas the 
insertion of repeaters at the different ex¬ 
changes is not required in these areas. 
Therefore, all these exchanges, i.e., ter¬ 
minal exchanges, tandem exchanges, and 
network group exchanges, are made with 
selectors for 2-wire circuits. 

Distribution of Attenuation 

Properly balanced distribution of at¬ 
tenuation is of the greatest importance for 
the economy of a telephone system, and 
this in turn is closely connected with the 
type of telephone instrument used. For¬ 
merly the telephone instrument used in 
Sweden had a reference equivalent for 
transmission of 0.8±0.4 neper and for re- 
ceptionof 0.1 =1=0.2 neper. While this older 
instrument was in use the Comity Con- 
sultatif International Telephonique maxi¬ 
mum value of 4.6 nepers was applied in 
Sweden as an over-all reference equivalent 
in the telephone system. During 1954 a 
new telephone instrument was developed 
showing a reference equivalent for trans¬ 
mission of 0.3 ±0.2 neper and for recep¬ 
tion of —0.5 ±0.2 neper. It conjunction 



Fig. 4. Automatic call box instrument for 
three types of coins 


with the adoption of this improved tele¬ 
phone instrument, it was possible to raise 
the tolerated line attenuation in each 
number area by about 0.4 neper over what 
was previously permitted, and the total 
reference equivalent for telephone calls 
was progressively reduced to 4.0 nepers. 
At present 1.5-neper line and exchange 
attenuation is permitted from the number 
area’s central exchange, the network 
group exchange, to a subscriber in the 
area, including microphone feeding cur¬ 
rent attenuation on transmission. By the 
insertion of the necessary repeaters there 
is obtained between the central exchanges 
of the different number areas an attenua¬ 
tion which may not exceed 1.0 neper. 
Thus the distribution of attenuation with 
the introduction of the new telephone in¬ 
strument will have the appearance shown 
in Fig. 3. There are no fixed sectional at¬ 
tenuation values whatever in the number 
areas for the circuits between the dif¬ 
ferent exchanges and the subscriber lines. 
How the tolerated attenuation of 1.5 
nepersmay be utilized in the most econom¬ 
ical manner is determined by economic 
investigation in each separate case. The 
new attenuation standards have led to 
extremely large savings in the construc¬ 
tion of junction circuits and subscriber 
circuit networks. 

Telephone Rates for Rural 
Automatization 

By means of extensive standardization 
of telephone equipments and standardiza- 
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tion of the work in the entire telephone 
field, it has been possible in conjunction 
with the automatization of the country’s 
telephone traffic to reduce the costs for 
handling the traffic. The Swedish Board 
of Telecommunications has mainly let the 
subscribers benefit by the reduction in the 
form of decreased telephone rates and im¬ 
proved service. Because the structure of 
the rates is closely related to the layout 
of the technical equipment and exercises 
an appreciable influence on the volume of 
traffic, a brief account of the rates applied 
and the methods of charging with auto¬ 
matic telephone operation will be given 
here. 

On signing a contract for telephone sub¬ 
scription a subscriber in the Swedish sys¬ 
tem pays an installation charge of 200 
kronor. The amount of installation 
charge is in no way dependent on the 
costs to the Administration for connection 
of the individual subscriber, and in spar¬ 
sely inhabited regions these costs may 
amount to considerable sums. In the 
automatized networks the subscriber 
usually pays in addition a fixed charge 
amounting to 86 kronor per annum. This 
charge applies to subscribers with their 
own direct lines to the telephone ex¬ 
change. For subscribers who share a 
telephone line the annual cost is 20 kronor 
less, i.e., 66 kronor. Party lines occur to 
an extremely limited extent in automa¬ 
tized networks and the maximum number 
of subscribers on one and the same line in 
an automatic network amounts to only 
two. At present the number of sub¬ 
scribers with shared lines throughout the 
country is only 2.5 per cent of the num¬ 
ber of subscribers and of these about three 
fourths are connected to manual tele¬ 
phone plants. 

The choice in Sweden for charging of 
the costs for the individual telephone calls 
lay between systems for automatic print¬ 
ing of call tickets or systems for debiting 
the calls on the normal subscribers’ 
meters. The latter system had been em¬ 
ployed successfully abroad and it un¬ 
doubtedly represented the most favorable 
method from the technical and economic 
viewpoints for the Swedish telephone serv- 



Fig. 5. Trunking arrangement for unit auto¬ 
matic exchange 


ice. The Board of Telecommunications 
therefore decided on this charging method 
at an early stage and it has been success¬ 
fully in use several years both for local 
calls and for automatic toll calls. Each 
recording on a subscriber’s meter is at 
present charged to the subscriber at the 
rate of 6 6re; the number of steps re¬ 
corded in the meter for different types of 
calls are listed in Table I. 

Each number area normally comprises a 
population group which has its business 
interests in the neighborhood of the group 
center, and this is one of the reasons it 
was considered warranted to set the rate 
for all traffic within the number area as 
low as one step on the meter for each 
started call period of 6 minutes. Some¬ 
times two neighboring number groups 
have such strong common interests that 
benefit of the rate in question is extended 
to comprise all traffic between subscribers 
in two neighboring number areas. The 
jump from 6-minute periods to 45-second 
periods is comparatively large. Thus, for 
subscribers located in the boundary dis¬ 
tricts between two number areas a special 
buffer rate is often applied which makes 
calls costless than the rate with 45-second 
periods. 

The technical devices for determining 
the meter time intervals are always 
located at the tandem exchanges or the 
network group center exchanges. The 
correct time interval for the metering is 
determined by the register employed for 
establishing the connection. For this 
purpose the register operates a special 
charging unit which is normally connected 
to the circuit equipment for the circuit 
from the tandem exchange. This unit 
transmits metering impulses to the calling 
subscriber's meter. If the call is origi¬ 
nated at a terminal exchange metering 
signals are transmitted by the charging 
unit at the parent exchange over the oc¬ 
cupied circuit to the terminal exchange. 
A central location for the rate-fixing 
equipment was considered valuable from 
the maintenance, standpoint, and no dif¬ 
ficulty has arisen in sending metering 
signals over the occupied circuit while a 
call is proceeding. 

Subscriber’s reaction to the introduc¬ 
tion of charging for toll traffic on the 
ordinary subscribers’ meters has been 
favorable. However, certain technical 
equipment for determination of the cost 
for separate calls has been requested by 
subscribers. The need for such equip¬ 
ment has been advanced chiefly by hotels, 
restaurants, shops, and factories, though 
even purely private subscribers have in 
exceptional cases asked for such devices. 
Such equipment normally consists of 


meters installed in direct connection with 
the telephone instruments or private 
branch exchanges. In some cases auto¬ 
matic private branch exchanges have 
been provided with control devices, 
blocking automatic toll traffic from the 
various extensions so that these are com¬ 
pelled to order such calls with the opera¬ 
tor of the private branch exchange. 

To facilitate telephoning from public 
call offices in the automatic telephone 
network an automatic public telephone 
instrument for three denominations of 
coins has been designed; see Fig. 4. Toll 
calls can be obtained automatically with 
this instrument and charges for the calls 
are collected without any manual inter¬ 
vention. A call may be started from the 
instrument immediately after an initial 
charge of 20 ore has been inserted and the 
call may continue for an unlimited period, 
provided the necessary coins are inserted 
while the call is going on. This instru¬ 
ment will be produced on a large scale in 
the next year or two. 

Technical Build-up of the Rural 
Unit Automatic Exchanges 

Trunking Arrangement 

The trunking arrangement for rural 
unit automatic exchanges of sizes 40, 60, 
and 100 numbers is shown in Fig. 5. The 
subscribers to these are connected to 
finder switch S and to final selector LV. 
Between these selector stages an extra 
selector stage, discriminating selector RV 
is inserted over which outgoing calls may 
be connected either to an idle rural line 
for outgoing traffic or to the final selector 
in the caller’s own exchange. A preselect¬ 
ing stage with preselectors IIV carries 


FIRST UNIT 



KC 


EXTENSION UNIT 



Fig. 6. Trunking arrangement for a rural 
exchange consisting of two combined unit 
exchanges 
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Table II. 

Number of Switches and Circuits for Unit Automatic Exchanges 






Maximum 

Number of Circuits 



Number of Switching Devices 

All One Way 

All Two 
Way 

Type 

s 

RV 

LV HV 

Incoming 

Outgoing 

40-number units_ 

.5. 

.6. 

_5.4_ 

.4. 

. ...4. .. 

4 

60-number units_ 


.7. 

_7.5_ 

.5. 

6 . . . 

t 5 

100-number units..., 

.9. 

.9. 


.7. 

....7. 



out connection of incoming traffic to the 
final selector of the exchange. 

Since all terminal exchanges are de¬ 
signed without registers, the outgoing 
calls must all be directed in the first place 
to a parent exchange with registers. This 
connection is done over the nonnumerical 
finder stage 5 and the lower multiple 
field of discriminating selector RV; 
see Fig. 5. On connection to a register at 
the parent exchange the subscriber re¬ 
ceives a dial tone and then dials the 
wanted subscriber’s number. The num¬ 
ber is registered in the register at the 
parent exchange and at the same time the 
selector-repeater M at the terminal ex¬ 
change notes whether the two first digits 
correspond to its own or another ex¬ 
change’s number. 

For an internal call the selector-re¬ 
peater M, normally after receiving three 
digits, transmits a switchover signal to 
the discriminating selector RV and this 
latter, following a nonnumerical hunt, 
connects the subscriber to a free final 
selector LV, the line to the parent ex¬ 
change being released at the same time. 
Hunting for a free final selector LVis done 
in the interval between the third and 
fourth dialed digits. The last two digits 
in the subscriber number directly set the 
final selector to the called subscriber. 

For external outgoing calls the switch¬ 
over signal referred to is not transmitted 
and the connection is established by the 
register at the parent exchange through 
to the called subscriber. On incoming 


calls the preselector HV is started and 
establishes connection to a free final 
selector LV. The operation of the final 
selector then proceeds in the same way as 
for internal traffic. 

If all lines to the parent exchange 
should be engaged by outgoing calls, the 
subscriber is connected over the submul¬ 
tiple of the discriminating selector RV 
to a special relay group called the blind 
circuit. This relay group, which is pro¬ 
vided with a selector repeater, gives the 
subscriber dial tone. If the number then 
dialed refers to an internal call, the blind 
circuit sends a switching signal to the 
discriminating selector RV and a final 
selector LV is connected in the ordinary 
way. If, however, the number refers to 
an outgoing external call, the subscriber 
receives a busy tone. 

Requirements regarding the number of 
switching devices vary, of course, from ex¬ 
change to exchange, but to insure effective 
standardization of the construction of the 
exchanges all the smaller automatic ex¬ 
changes, i.e., those for 40, 60, and 100 
numbers, are equipped with a fixed num¬ 
ber of switching devices. The number of 
switching devices and circuits for each 
type of exchange was fixed after extensive 
traffic investigations, and may be seen in 
Table II. If in exceptional cases the in¬ 
ternal or external traffic is found to be un¬ 
usually large, there is no choice but to 
operate the exchange with a number of 
subscribers smaller than it is normally de¬ 
signed for. 


As stated, exchanges with a subscriber 
stock between 100 and 200 are provided 
with a 100-number unit automatic ex¬ 
change in combination with a 40-, 60-, 
or another 100-number unit. The ar¬ 
rangement for assembling two such units 
to one large unit is extremely simple. 
The trunking arrangement for such a 
combined unit is shown in Fig. 6. Calls 
incoming to the combined unit from a 
parent exchange are directed either over 
the preselector HV1 in the first unit or 
over the preselector HV2 in the extension 
unit. It is immaterial which of the pre¬ 
selectors is used, this depending solely on 
the line that is called from the parent ex¬ 
change. A special extension selector UOV 
is called over the preselector. Selector 
UOV consists of a group selector which 
has two exits with a hunting capacity of 
ten for each exit. The selector is directed 
from the parent exchange by the digit 0 to 
the first unit’s final selector L VI or by the 
digit 1 to the extension unit’s final selector 
LV2. For purely internal calls the exten¬ 
sion selector UO V is operated in the same 
way. For outgoing traffic the units oper¬ 
ate in the way described for a separate 
unit. 

Design and Operation op Selector 
Devices 

A detailed account of the design and 
operation of the selector devices in the 
three types of unit exchanges would be 
outside the scope of this paper. There¬ 
fore only some of the most characteristic 
features of the different devices will be 
given here. 

The bank contact assemblies of the 
Swedish crossbar selector can normally be 
made with eight make contacts per con¬ 
tact assembly. The number of conductors 
for each connected circuit in the rural unit 
automatic exchanges amounts to only 
four. It was therefore decided for reasons 
of economy to make double use of the 
crossbar selector hold magnet units, a 
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Fig. 7 (left). Principle of 
double utilization of crossbar 
selector bridge 


Fig. 8 (right). View of 100- 
number unit automatic ex¬ 
change 
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Fig. 9 (left). 
Front view of 
60-number unit 
automatic ex¬ 
change 


Fig. 10 (right). 
Back view of 60- 
number unit 

automatic ex¬ 

change 
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switching relay being used for establishing 
connection over one or the other of the 
contact assembly halves of the hold mag¬ 
net unit. The principle of the double 
utilization of the hold magnet unit’s con¬ 
tact assembly is shown in Fig. 7, where R 
is the switching relay in question. With 
ten selecting magnets, which is normal for 
crossbar selectors, each doubly utilized 
hold magnet unit represents a 4-terminal 
20-number selector. 

With the stated double utilization of 
crossbar selector hold magnet units, to 
make a 100-number finder switch a cross¬ 
bar selector with five hold magnets is re¬ 
quired and for the 100-number standard¬ 
ized exchange unit as a whole, with its 
nine finder switches, a total of nine 5- 
hold magnet crossbar selectors is re¬ 
quired; see Fig. 8. For a 60-number 
finder switch three hold magnets per 
finder switch are required or for the whole 
60-number standardized exchange unit 
with its seven finder switches, 3X7=21 
hold magnets. As three hold magnet 
crossbar selectors would be rather small 
units, the seven finders are made up of 
three 6-hold magnet crossbar selectors 
with two finder switches per crossbar 
selector and one crossbar selector of three 
hold magnets; see Figs. 9 and 10. Finder 
switches in the smallest type of standard¬ 
ized exchange unit, which have only a 
capacity of 40 numbers, require only two 
hold magnets per finder switch. Thus 
the five finder switches of the unit take 
2X5=10 hold magnets; see Figs. 11 and 
12. For these five finder switches in 
this case one 6-hold magnet crossbar 
selector and one crossbar selector with 
four hold magnets have been utilized. 

On calls from a subscriber the line relay 


energized directly indicates the contact 
assemblies to which the calling subscriber 
is connected. The tens in the subscriber’s 
number, for instance, in a 100-number 
unit will indicate which bar is to be ac¬ 
tuated in a free finder switch. The units 
digit will indicate which of the five hold 
magnets in the finder switch is to be used, 
also whether the subscriber is connected 
to the first or to the second of the two 
contact assembly halves of the hold mag¬ 
net unit in question. With the smaller 
unit automatic exchanges it is, of course, 
the units digits that indicate the number 
of the selecting bar in the finder switch 
and the tens digits which indicate the 
hold magnet number and the appropriate 
one of the contact assembly halves. 

Each finder switch has a control relay 
set of its own and in a unit exchange there 
is a common control device for all finder 
switches. To eliminate the risk of a de¬ 
fective finder switch blocking a unit ex¬ 
change when traffic is low, the finder 
switches have been provided with call 
distributors which progressively route the 
calls to the different finder switches. 

The final selectors in the unit exchanges 
are made up of crossbar selectors arranged 
in the same way as for finder switches; 
see Figs. 8-12. Each final selector has a 
separate control relay set. In the smallest 
standardized exchange units, where each 
crossbar selector represents several final 
selectors, a certain interdependence be¬ 
tween the control relay sets of the separate 
final selectors is inevitable. In the 100- 
number unit the crossbar selector selecting 
magnets are set directly by the tens digit 
and the units digit operate the hold mag¬ 
nets as also the switching relay. 

In the two smallest unit exchanges it is 


the units digit that operates the selecting 
magnets and the tens digit the hold mag¬ 
nets. As the tens digit is received before 
the units digit, the value of the tens digit 
must be stored by special relays during 
the time it takes to record directly on the 
final selector selecting magnets, the units 
digit coming after. 

With internal calls the microphone 
feeding current for both calling and called 
subscriber is obtained from the control 
relay sets of the final selectors. With 
calls incoming from a parent exchange the 
final selector furnishes microphone feeding 
current only to the called subscriber. 
The individual control relay sets of the 
final selectors contain equipment for the 
transmission of ringing signals, busy tone, 
ringing tone, etc. 

The hunting capacity of the discrimi¬ 
nating selectors RV and the preselectors 



Fig. 11. Front view of 40-number unit 
automatic exchange 
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H V is determined by the number of de¬ 
vices to be reached in the different types 
of units by the selectors concerned. All 
discriminating selectors RV in a unit 
automatic exchange are controlled by a 
single common control relay set. In this 
relay set a relay chain is included which 
progressively connects testing relays to 
the final selectors or the testing wires of 
the outgoing circuits. A common relay 
set for similar purposes is allotted to the 
preselectors of the exchange. The relay 
sets of both the discriminating selectors 
RV and the preselectors HV are provided 
with call distributors to eliminate the risk 
of the unit being blocked by faulty de¬ 
vices when traffic is low. 

The extension selectors UOV in Fig. 
13, which have made it possible to com¬ 
bine two small units to make a larger co¬ 
operating unit, are made up of three 
crossbar selectors each with five hold 
magnets. Each hold magnet unit repre¬ 
sents an extension selector and due to the 
double utilization there is obtained a 
hunting capacity of ten for each of the 
two exits. 

Signaling Systems for Rural 

Circuits 

Extremely important for reliable opera¬ 
tion of the rural network is a reliable 
system for signal transmission between 
the different exchanges. Usually a non- 
phantomizable fully reliable d-c system is 
therefore employed for the terminal ex¬ 
changes. However, systems with induc¬ 
tive selection do occur in cases where 
phantomizing must be done. 

In the d-c system signals are sent from 
the calling exchange in the direction of the 



Fig. 12. Back view of 40-number unit 


automatic exchange 


called in the form of making and breaking 
the direct current in the line loop. Signals 
in the opposite direction are sent by means 
of reversal of current flow. Digit trans¬ 
mission is thus done by decimal interrup¬ 
tion impulses and transmission of call 
metering signals by means of momentary 
reversal of current flow. 

The signalling systems are so designed 
that defective lines are automatically in¬ 
dicated by the relay equipments of the 
lines at their outgoing ends. When a line 
fault or fault in the switching equipment 
for the incoming end of the line is indi¬ 
cated, the line is automatically discon¬ 
nected. The line relay assembly at the 
outgoing exchange after that periodically 
sends out fictitious calls, and if the line 
fault is removed or possibly was of a tem¬ 
porary nature the line is again automatic¬ 
ally connected for operation. If the fault 
persists for any length of time, it is an¬ 
nounced to the nearest attended exchange. 
This equipment for fault indicating of 
lines, which has been adopted for the 
whole of the Swedish automatized net¬ 
work, has been found to be an excellent 
means of reducing maintenance work, 
particularly at the nonattended telephone 
plants. 

Special Facilities of Interest 
Fault Indicating Means 

Fault locating in the unit automatic 
exchanges is facilitated by various mark¬ 
ing lamps which roughly give the type of 
fault and the position in the equipment. 
In addition the individual devices, are 
provided for the purpose of testing for 
faults with a blocking switch, a busy 
lamp, and a test jack. 

Fault Alarm Signalling 

In the event of any fault, including 
faults in exchanges, notification signals 
are transmitted automatically to the 
nearest exchange with maintenance per¬ 
sonnel. On transmission of the report 
various codes state whether the fault is of 
a serious nature and thus requires im¬ 
mediate attention or whether the dis¬ 
turbing effect of the fault is small and at¬ 
tention therefore may be deferred until a 
suitable occasion to visit the exchange 
presents itself. The alarm is transmitted 
over the normal circuits used for tr affi c 
at a moment when they are free. 

Automatic Answering Circuit 

To allow test calls to remote unit auto¬ 
matic exchanges these are provided with 
an automatic answering circuit connected 
to the unit in the same way as an ordinary 
subscriber’s line. The answering circuit 
on call sends an answer signal and a 


special code tone to the calling lineman or 
possibly to a centrally located robot. 

Vacancy Connection 

Vacant subscriber numbers are marked 
by insertion of a break stick between cer¬ 
tain contacts in one of the subscriber’s 
line relays. On calling a vacant sub¬ 
scriber number the calling subscriber re¬ 
ceives a special information tone. By cal¬ 
ling the nearest information bureau the 
caller can obtain information regarding 
the vacant-connected number. 

Absent Subscriber's Service 

If a subscriber lifts his handset without 
subsequently dialing any number within 
a predetermined time of about 30 seconds, 
the exchange equipment automatically 
causes a switchover of the subscriber’s re¬ 
lays to a particular condition which may 
be referred to as permanent loop condition 
and in which all switching equipments en¬ 
gaged by the call are disconnected. This 
particular condition is restored as soon as 
the subscriber replaces his handset. On a 
call to a subscriber having his line relays 
in the permanent loop condition the cal¬ 
ling subscriber receives the information 
tone. This possibility of special marking 
of a subscriber number may be utilized by 
subscribers in cases where they wish cer¬ 
tain information conveyed to calling sub¬ 
scribers during a given period. The sub¬ 
scriber first rings up the nearest informa¬ 
tion bureau and there requests that the 
operator give the desired message to sub- 



F(g. 13. Rack with extension selector 
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Fig. 14. 60-number unit automatic exchange 
with wooden casing 


scribers who inquire concerning the reason 
for the information tone. The subscriber 
then leaves his handset off and the num¬ 
ber is automatically connected for re¬ 
ference as soon as the time supervision 
breaks the call. This facility is also of 
value for the discovery of short-circuited 
subscriber lines. In tire event an inquiry 
is received concerning a subscriber num¬ 
ber regarding which no communication 
has been given to the information bureau, 
generally the line may be considered to be 
defective or the subscriber may have for¬ 
gotten to replace his handset. 

Congestion Indicating Facilities 

For judging the accessibility in the unit 
automatic exchanges there are congestion 
meters for finder switches, final selectors, 
and outgoing toll lines. The unit auto¬ 
matic exchanges are not equipped with 
any devices for direct measurement of 
traffic. 

Equipment For Time Supervision 

Time supervising devices connected to 
final selectors and junction circuits pre¬ 
vent blocking of the switching equipment 
in the event of line fault or in conjunction 
with failure of a clearing signal from one 
of the subscribers in an established con¬ 
nection. 

J Power Supply and Heating of the Buildings 

The batteries used in the unit automatic 
exchanges are 36-volt lead accumulators. 
Voltage variations are comparatively 
large and for a unit entirely without traf¬ 
fic the voltage may amount to as much as 



Fig. 15. Bare wiring of finder switch multiples 
and final selector multiples for 40-number unit 


45 volts. The tolerated voltage varia¬ 
tions range from 30 to 45 volts. The bat¬ 
teries are charged by means of mains con¬ 
nected dry rectifiers which are perma¬ 
nently in service. The introduction of 
rectifier equipment for constant voltage 
is planned. The exchange rooms are 
usually heated by electric radiators. 
These are connected automatically by a 
temperature regulator if the temperature 
goes below 4 degrees centigrade. 


mounted opposite the crossbar selectors is 
detachable or can be swung out; see Figs. 
10 and 12. The relay sets are normally 
made as detachable units with plug and 
jack connection to the rack. This facili¬ 
tates manufacture, transport, mounting, 
and maintenance. The racks, Fig. 14, are 
provided with jacks for the connection to 
the main distribution frame. By this 
means the installation of a unit exchange 
as well as its replacement with another 
one of different capacity is greatly facili¬ 
tated. 

Wires and cables insulated by poly¬ 
vinyl chloride are employed for the in¬ 
ternal wiring of the unit racks as also for 
the remaining ^cabling in the exchanges. 
In the finder switch multiples and final 
selector multiples it has been possible to 
use bare wiring !for the 40- and 60-number 
units; see Fig. 15. This has been pos¬ 
sible owing to each crossbar selector con¬ 
stituting more than one finder switch or 
more than one final selector. This cir¬ 
cumstance, which is of some importance 
from the manufacturing viewpoint, is 
mentioned because the idea is often held 
that bare wiring is not possible for finder 
switches and final selector stages, except 
in link systems. Bare wiring of course, is 
used for discriminating selectors and pre¬ 
selectors. 

Standardized Types of Exchange 
Buildings 


Mechanical Build-up op Unit 

Automatic Exchanges 

All unit automatic exchanges are con¬ 
structed as rack units protected against 
dust by a wooden casing. The fronts and 
backs of the racks are covered by easily 
removable masonite covers, as shown in 
Fig. 14. There are no separate covers for 
relays and selectors. Where double-sided 
mounting has been employed for the 40- 
and 60-number units, the apparatus 



Fig. 16. Erecting standard hut type A1 


The rural exchanges are housed in 
standardized huts which are prefabricated 
and delivered ready for assembly at the 
place for the exchange. There are in all 
three types of huts for all types of ex- 



Fig. 17. Erecting standard hut type A1 
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Fig. 18. Standard hut type Al 



Fig. 19. Standard hut type A3 


changes, i.e., for 40, 60, 100, 100+40, 
100+60, and 100+100 number units. 
These are type A1 for maximum 60 num¬ 
ber, with internal dimensions: height 2.4 
meters, length 2.3 meters, and width 2.0 
meters; A2 for maximum 100 numbers, 
with internal dimensions: height 2.4 
meters, length 3.4 meters, and width 2.0 
meters; A3 for maximum 200 numbers, 
with dimensions: height 2.4 meters, 
length 4.0 meters, and width 2,8 meters. 

By this standardization it has been pos¬ 
sible to keep the cost of the huts down and 
the time for erection of, say, an A1 hut 
amounts to about 5 working days. Figs. 
16 and 17 show the erection of an A1 hut 
and Figs. 18 and 19 show erected huts 
A1 and A3 respectively. The huts are 
well heat-insulated by rockwool mats, 
so that the energy for heating required 
has been reduced to a minimum. 


Standardization of Exchange 
Assembly 

It was found after experience with the 
assembly of a large number of unit ex¬ 
changes that it should be possible to de¬ 
crease the cost of assembly by properly 
carried-out standardization. Thorough 
study of various assembly methods has 
now been completed and new standard 
methods have been developed. Thus a 
power distribution panel common to all 
types of unit exchanges, as seen in Fig. 20, 
has been designed, this being put up in 
conjunction with the erection of the hut. 
For the assembly of the other equipment 
required for the unit exchanges, other 
types of panel have been designed, which 
are manufactured as complete easily 
mountable units. Of the panels shown 
in Fig. 20 one contains a rectifier for the 
power plant, telephone instrument, power 
distribution blocks, etc. Another panel 
contains protectors, test jack strips, and 
cable termination for 200-wire lead-in 
cable. The number of the last-named, 
panel type is directly determined by 
the capacity of the exchange. For Al- 
huts one such panel is required as maxi¬ 
mum; for A 2-huts two panels as maxi¬ 
mum; for .43-huts three panels as maxi¬ 
mum. On delivery these cable termina¬ 
tion panels are furnished for the line side 
with one spliced lead-in cable and for the 
exchange side with cable and plugs for 
direct connection to the unit racks. 

Because of the assembly methods now 
developed, with extensive preassembly of 
requisite equipment in the exchange 
buildings it has been possible to decrease 
the working time for construction of a 
unit automatic exchange in the past year 
as follows: 

1. For the 40-number unit from 15 working 
days to 1 or 2. 

2. For the 60-number unit from 16 working 
days to 2 or 3. 

3. For the 100-number unit from 20 work¬ 
ing days to 3 or 4. 

An attempt has been made to deliver 
exchange huts assembled and completely 
mounted with equipment directly from an 
assembling workshop to the exchange 



Fig. 20. Different types of standard panels 
(hut type A2) 


site. However, it is still too early to de¬ 
cide whether this method will be intro¬ 
duced as a general practice. 

Here it may be worth mentioning that 
very considerable standardization also 
has been carried out in respect to the 
manufacture of the telephone equipment. 
One example of this is the crossbar selec¬ 
tor. Whereas 12 years ago it took no 
fewer than 55 working hours to produce a 
10-hold magnet crossbar selector, the 
same selector can now be produced in 
only 11 working hours. 

Maintenance Costs for Rural 
Automatic Switchboards 

It is extremely difficult to give definite 
particulars of the maintenance costs for 
automatic telephone plants, as these costs 
are governed by a very large number of 
factors. Thus, in addition to the operat¬ 
ing reliability of the exchanges, the ability 
of the personnel and other local conditions 
play a great part. Nevertheless efforts 
have been made to arrive at fairly repre¬ 
sentative mean values for maintenance 
work with the Swedish rural exchanges. 
These values are given in Table III. 

Conclusions 

1. The crossbar selector has been of the 
utmost importance in the automatization 
of telephone offices in the Swedish rural 
areas. The crossbar selector has made it 
possible for great operating reliability to 


Table III. Maintenance Times for Rural Unit Automatic Exchanges 


Type of Unit 
Exchange 

Number of 
Visits per 
Year for 
Fault 
Clearance 

Number of Hours for Maintenance per Year Including Travelling 

For 

For Direct Preventive 

Fault Clearing Maintenance 

In 

Conjunction 
with Other 
Visits 

Total 

Per 

Connected 
Local Line 
(10-Per-Cent 
Vacancies) 

40. 

.5. 

. 5.1. 

..23. 

.1 . 

.29.1.... 

.0.8 

60. 

.8. 

. 8.3. 

.29. 

.1.5. 

.38.8.... 

.0.7 

100. 

.13. 

.13 . 

.40. 

-2.5. 

_55.5_ 

.0.6 
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be attained, which is an absolutely necessary 
requirement with the automatization of 
unattended telephone exchange. 

2. By far-reaching standardization of the 
type of exchange, huts, and assembly 
methods the costs of plant can be kept 
down. 

3. As the standardized unit automatic 
exchanges can be connected to . both auto¬ 
matic and manual parent telephone ex¬ 
changes, it has been possible to select for 
automatization the plants which, among 
other things, are the most wanted in view 
of the difficulty in securing manual opera¬ 
tors. 

4. Along with the telephone automatiza¬ 
tion in the rural areas during the last two 


decades there has occurred a heavy increase 
in the number of subscribers and in traffic 
for these areas. This development is due 
to a large extent to a considerable increase 
in the standard of living in rural Sweden. 
Contributing factors also should be the 
advantages obtained through the auto¬ 
matization and among these in no small 
degree is the considerable reduction in toll 
traffic rates accomplished in connection 
with the automatization. 
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Automatic Percussion Welding 

A. L. QUINLAN 

MEMBER AIEE 


P ERCUSSION welding is not new. 

Early work goes back beyond the be¬ 
ginning of the century, but little applica¬ 
tion has been made of it and only a meager 
amount of literature is available. How¬ 
ever, this method has a real field of useful¬ 
ness as the application described in this 
paper will show. The original Vang proc¬ 
ess wherein a capacitor charged to a high 
potential, often to several thousand volts, 
is discharged across the gap between 
parts as they approach each other under 
a propelling force, is a good general de¬ 
scription of the method used. The arc 
so produced heats the abutting surfaces 
before they collide so that a very thin 
layer of metal is brought to welding tem¬ 
perature. The propelling force, while 
continuing to act, brings the parts to¬ 
gether percussively and the weld is made. 
Little metal is heated and little heat pene¬ 
trates the adjoining metal; therefore, 
the heat balance problem is greatly mini¬ 
mized and different metals weld together 
with little trouble. There is, however, 
the problem of protecting personnel from 
high voltage. Also, the two surfaces 
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being welded must be insulated electric¬ 
ally from each other; This excludes the 
use of this process for joining the ends of 
the same piece of metal, as in making a 
ring. 

The project under discussion is the de¬ 
velopment of a machine for the automatic 
multiple percussion welding of contact 
blocks to the ends of an array of small 
wires extending less than 1/4 inch from 
molded phenolic plastic. This array of 
wires, fixed in plastic, forms a part which 
will herein be called a “comb”; see Fig. 1. 
When completed, this comb forms the 
stationary contact member of the Bell 
System’s new wire spring relay. The 
small blocks of metal on the ends of the 
wires are cut from a composite tape of 
which a small portion near the top and/or 
the bottom surface is palladium, a pre¬ 
cious metal. There is a family of combs 
to be welded, depending on the number 
and type of contacts required by the code 
of relays into which each comb is as¬ 
sembled. All top palladium contact sur¬ 
faces must be located in the same plane 
across the 12 wire positions of the comb 
within a tolerance of ±0.002 inch to meet 
design requirements. In addition, other 
dimensions for locating the precious metal 
must be held to close limits for reasons of 
precious metal economy. 

The contact blocks for the wire comb 
are welded to the wire ends by the auto¬ 
matic percussion welder; see Fig. 2. 
This is one of the units in an automatic 
welding and forming line; see Fig. 3. 
The combs are removed automatically 
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from a magazine and transferred by a 
reciprocating conveyor into each machine 
unit in succession. Thus, the clipping, 
forming, and tinning units necessary for 
making a complete part are integrated 
into a line with the percussion welder. 
This line, by being fully automatic in its 
operation, is an interesting example of 
automation. 

Reasons for Selection of Percussion 
Welding 

Percussion welding was selected for this 
process for the following reasons: 

1. The electrodes may be placed well away 
from the weld zone. This is necessary to 
prevent the electrode clamping force from 
deflecting the wire ends and causing a mis¬ 
alignment of contacts. The lesser current 
required for arc welding, as compared to 
resistance welding, makes it possible to con¬ 
duct this current through the wires from 
the opposite end without heating them 
appreciably. 

2. A suitable heat balance in the weld zone 
can be obtained readily. This would be. 
difficult if the slower butt welding method 
were used, because of the unequal size and 
differing electric and heat conductivities of 
the abutting parts. Slower heating 
methods loose more heat from conduction 
through the adjacent metal. 

3. The fast welding time recommends its 
use in high-speed automatic welding ma¬ 
chines. 

Early Experimental Work 

Early experimental work on percussion 
welding showed that small gas pockets in 
the weld zone were causing weak welds. 
Nickel silver was used at that time. Its 
component of easily volatilized zinc was 
suspected of causing the trouble. Various 
metals and alloys were tested and silicon- 
copper was chosen for the wires in the 
comb. This alloy, however, was not 
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weld in the roll welding process used for 
fabrication of the contact tape. A 70-30 
per cent cupro-nickel was selected for this 
base metal because it approximated the 
resistance of the palladium, a necessary 
condition for roll welding, and did not 
have an easily volatile component to 
weaken the percussion welds. 

Another subject investigated was the 
speed of approach of the parts during the 
percussion welding operation. The comb 
and its array of wires are held stationary 
and the contact block is moved to the 
wires to make the weld. Various speeds 
of the contact block carriage or “gun,” 
from approximately 1 to 80 inches per 
second, were tried. The best welds were 
obtained by a spring-actuated gun which 
attained a velocity at impact of approxi¬ 
mately 40 inches per second. 


may weld a contact each cycle on its own 
half of the comb; see Fig. 4. After each 
welding operation or 1 cycle, the comb is 
indexed to the next pair of wire centers. 
Six cycles complete the welding of 12 
contacts, or a lesser number if required. 
The guns do not weld at exactly the same 
time. There is an interval of 1 degree of 
revolution of the main shaft between the 
firing points to prevent electrical or 
mechanical interference. The welder was 
designed to select the type of tape, cut 
the contact from it and weld it in 1 cycle, 
to avoid the handling problems associated 
with precutting and magazimng contact 
blocks. 

Tape Supply and Selector 

One of four contact conditions will ap¬ 
ply for each wire: no contact; contact 


with palladium cap up; palladium cap 
down; or palladium cap both up and 
down. This requires three reels of tape 
on the right for one head and three on 
the left for the other. Adjustable knobs 
on both right and left tape-feed cams are 
set for one of the four tape-feed conditions 
for each wire position of the comb. 
Thereby, any combination of contact con¬ 
ditions can be set up to make parts for 
any code of relay. 

Contact Shear and Transfer 

The three tapes for either head feed 
from opposite sides. They enter the 
shearing dies through individual openings. 
However, only that tape selected by the 
tape selector is fed into the die and subse¬ 
quently sheared by one punch stroke; 
see Fig. 4. The tape is punched from 
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Fig. 4. Schematic of percussion welder 


such a direction that the base metal is not 
dragged over the boundary line into the 
palladium zone. This avoids contami¬ 
nation of the palladium. As the contact 
is blanked out, the walls of a notch in the 
punch confine it on the precious metal 
sides to prevent distortion. The punch 
delivers the contact to a transfer finger at 
the end of the shearing stroke. This 
finger removes the contact from the punch 
notch and slides it through a guide chan¬ 
nel into the waiting gun jaws. 

Welding Guns 

The wdding gun is a light reciprocating 
member which carries two opposing steel 
fingers or jaws to receive the contact 
block from the transfer finger mentioned 
in the foregoing. The jaw opening is a 
few thousandths of an inch less than the 
nominal height of the contact; however, 
the edges are beveled so that, when a 
contact is pressed against them, they 
spring open and the contact enters and 
is held securely in place. After welding, 
the jaws are pulled off the contact. At 
the extreme return travel of the gun, any 
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contact which might have remained in the 
jaws because it was not welded is re¬ 
moved by an ejector blade. 

When in the loading position, a por¬ 
tion of the blade stops the travel of 
the contact through the jaw opening so 
that it is held in a uniform position and 



Fig. 5. Section through a weld 


will be located on the wire with pre¬ 
cision. 

Gun Mass Consideration 

Dining weld, the comb must be sup¬ 
ported accurately to meet the close-con¬ 
tact location requirements. It must be 
supported securely to withstand the im¬ 
pact of the guns or weak welds may result. 
The mass of the gun is important. Evi¬ 
dence indicates that more uniform and 
higher weld strengths are obtained with 
lightweight guns. A magnesium gun 
weighing about 60 grams provided better 
welds than did the original steel gun weigh¬ 
ing about 130 grams. A steel gun weigh¬ 
ing about 30 grams is even more satis¬ 
factory. The indications are that the 
striking force should be as great as the 
part can stand. The large mass usually 
has a slower rebound time which must 
exceed the freezing time of the metal in 
the joint or it will be broken before it is 
cool enough to resist the stress. A strik¬ 
ing force of approximately 75 pounds 
tends to loosen the wires in the plastic 
and to produce weak welds. The 60- 
or 30-gram guns propelled at about 40 
inches per second at impact produce less 
than this force. The velocity during the 
arcing period is important for controlling 
the amount of heating. The freezing time 
is limited to the time the contact and wire 
end are forced together, or 1/2 cycle of 
vibration after impact. 
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ARC DURATION IN MICROSECONDS 

Fig. 6. Weld strength versus arc duration 
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Fig. 7. Schematic of percussion welder circuit 


Electrical Functions 

Fundamentally, each weld circuit in¬ 
cludes a capacitor which is charged during 
a small portion of each cycle and subse¬ 
quently is discharged through a resistance 
in series with the weld. During the 
charging period, the contact and the wire 
end of the comb are separated electrically 
at the weld point. A multiple leaf brush 
under considerable spring force connects 
the one side of the circuit to the remote 
end of the individual wire to be welded. 
The gun, and through it the contact 
block, is connected to the other side of the 
circuit. After the cam frees the gun, 
the spring propells it toward the wire end 
and an electric arc is established by the 
high potential, 900 to 1,800 volts, just be¬ 
fore the parts touch. The arc initiates 
itself when the gap has been reduced to a 
few thousandths of an inch. A portion 
of the abutting surfaces of both the wire 
and the contact base metal, normally 
0.005 to 0.008 inch, are melted and ex¬ 
pelled in liquid and gaseous states before 
the molten surfaces are forced together. 
The arc is extinguished when it can no 
longer melt and expel metal to maintain a 
gap. Under good operating conditions, it 
persists from 0.1 to 0.4 millisecond. 
Nearly all of the heated metal is expelled 
from the joint during the welding opera¬ 
tion as illustrated in Fig. 5. This micro¬ 
graph of a typical sectioned percussion 
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weld shows only a 0.001 to 0.002 inch 
thick layer which was melted or heated 
sufficiently to change the structure. A 
small stream of compressed air is directed 
into the weld area to remove arc products 
so they will not interfere with the initia¬ 
tion of the arc during the next weld cycle. 
Limited tests made with nitrogen and 


helium atmospheres gave no indication of 
improvement in weld quality. 

In the course of the many studies em¬ 
ploying different kinds of instrumenta¬ 
tion, an electronic counter was used to 
measure successive arc durations. Dur¬ 
ing early tests, variations from 20 to 230 
microseconds were observed for the pre¬ 
vailing conditions. Weld strengths were 
tested, and a correlation was found to 
exist between short arc durations, up to 
65 microseconds, and the strength of the 
welds produced; see Fig. 6. The circuit 
impedance of the discharge circuit was 
found to be important, and much work 
was done to establish the best conditions. 
Early work was confined to a single branch 
circuit and up to 250 microfarads of capac¬ 
itance. To get a better control of the 
duration and rate of discharge, parallel 
branched circuits were developed, as 
shown in Fig. 7. Ideally, the energy 
should be released rapidly to expand the 
weld heat to the whole area and then 
should be cut off abruptly to prevent 
heating of the weld after the parts are 
brought together and to prevent arcing 
at the jaws during a vibrating period 
after welding. Fig. 8 shows a typical 
weld strength distribution for this circuit, 
based on shear strength data. In a 
limited number of samples which were 
tension tested, failure occurred more fre¬ 
quently in the wire than in the weld. 

Jaw Life 

Jaw life is dependent upon many fac¬ 
tors, but an important one is the preven¬ 
tion of accidental conditions which estab- 



Fig. 8. Weld strength distribution for 13,200 samples tested from 600,000 production welds 
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lish an arc directly to the jaws. Each 
set of jaws is adjusted so that, under nor¬ 
mal conditions, it will not touch the wire 
end and thereby discharge the capacitor 
if no contact is in the jaws. However, if 
only a very short length of contact metal 
is cut off and put in the jaws, it may 
start the arc but there may not be suffi¬ 
cient material or the material may not be 
held securely enough to keep the arc 
from burning the jaw surfaces. Another 
trouble condition is encountered when the 
end of the wire is misplaced so it touches 
a jaw. A safety circuit is provided with 
microswitches which trigger thyratrons to 
discharge the capacitors before the weld 


takes place if either of the aforementioned 
conditions occur. Signal lamps are pro¬ 
vided to indicate at which microswitch 
trouble is occurring. A cam-actuated 
microswitch controls the time of safety 
test approximately 1/4 second before the 
weld would take place. 

Safety 

Safety for personnel from high voltage 
is provided by door switches, solenoid- 
released short-circuiting bars, and bleeder 
resistors on the capacitors. Safety from 
mechanical jams is provided by a slip 
clutch on the main drive gear, and by a 
pull-out clutch and automatic stop switch 


No Discussion 


Differential Phase and Gain 
Measurements in Color 
Television Systems 


H. P. KELLY 

NONMEMBER AIEE 


C OLOR television has imposed new 
requirements on transmission cir¬ 
cuits. The nature of the color signal is 
such that circuits used for its transmis¬ 
sion must meet very stringent linearity re¬ 
quirements. The minimizing of differen¬ 
tial phase and gain at the color carrier 
frequency is one of the more important of 
these new requirements. 

Definitions 

The National Television Systems Com¬ 
mittee (NTSC) color television system is 
based on the principle that color may be 
adequately defined in terms of three 
characteristics: luminance, hue, and sat¬ 
uration. Luminance defines intensity 
or brightness and is the basis on which the 
present monochrome or black-and-white 
system of television operates. Hue de¬ 
fines the color in terms of whether it is 
red, blue, green, yellow, or the like. 
Saturation defines the degree to which the 
hue is mixed with white. For example, 
pink is a low saturation red. A high 
saturation red would be a brilliant crim¬ 
son. 

The color signal, therefore, must con¬ 
tain information as to these three charac¬ 


teristics. The color system uses the 
same type of signal to transmit luminance 
information as is used in the black-and- 
white system; therefore the transmission 
of this portion of the signal presents no 
new problems. The other two parts of 
the signal containing the hue and satura¬ 
tion information are added to the lumi¬ 
nance information and comprise the new 
elements in the television signal. It is 
the necessity of transmitting three pieces 
of information instead of one, simul¬ 
taneously, and without interaction or dis¬ 
tortion, which has imposed the new re¬ 
quirements on transmission circuits. 
This situation is analogous to the trans¬ 
mission of two or more voice signals 
simultaneously in a carrier telephone cir¬ 
cuit. If the circuit is perfectly linear, 
there is no difficulty in separating the 
various voice channels at the receiving 
end. If the circuit is not linear, the chan¬ 
nels interact with one another and cross¬ 
talk occurs. 

Color Information 

In the case of color television the sat¬ 
uration and hue information are added to 
the luminance information in the form of 
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located in the piece-part transfer drive 
mechanism. 

Conclusions 

After making millions of welds by auto¬ 
matic percussion welding, it is found to be 
a method well suited to this job. Ac¬ 
curacy of location and good weld strength 
are obtained. This welding method is 
especially useful where speed and pre¬ 
cision are desired and where joints must 
be made between dissimilar metals. 
Metals of high-heat conductivity and 
high-electric conductivity join readily by 
this method. 


a new signal called the color carrier. 
The amplitude of this signal represents 
the saturation of the color. A large am¬ 
plitude represents high saturation or a 
brilliant color. Distortion of color sat¬ 
uration will occur if the gain of the trans¬ 
mission system to the color carrier is dif¬ 
ferent for different amplitudes of the 
luminance signal. This variation in the 
amplitude transmission of the color car¬ 
rier signal caused by variation in the am¬ 
plitude of the luminance signal is called 
differential gain. The presence of dif¬ 
ferential gain in a system used to trans¬ 
mit color television may result in a pic¬ 
ture in which some colors may appear 
dim or washed out while others may ap¬ 
pear oversaturated. 

The time or phase relationship of the 
color carrier signal to a reference syn¬ 
chronizing signal (color burst) determines 
the hue of the color. Distortions of hue 
will occur if the transmission system pro¬ 
duces a different phase shift in the color 
carrier at different amplitudes of the 
luminance signal. This variation in 
phase shift caused by variations in ampli¬ 
tude of the luminance signal is called dif¬ 
ferential phase. The presence of dif¬ 
ferential phase in a system used to trans¬ 
mit color television results in a change of 
the hue of the colors. 

The term “differential gain” was first 
proposed by S. Doba in a memorandum 
to the Video Techniques Committee of 


Paper 54-334, recommended by the AIEE Tele¬ 
vision and Aural Broadcasting Systems Committee 
and approved by the AIEE Committee on Tech¬ 
nical Operations for presentation at the AIEE Fall 
General Meeting, Chicago, Ill., October 11-15, 
1954. Manuscript submitted April 1, 1954; made 
available for printing July 9, 1954. 
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Fig. 1. Panel view transmitter 
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Fig. 2. Panel view receiver 


the Institute of Radio Engineers. The 
method of measurement here presented 
follows along lines suggested by Doha. 
This method is one of several (e.g., Mor¬ 
rison’s method, 1 and an alternate method 
used by R. C. Edson of the Bell Tele¬ 
phone Laboratories) which might be used 
to measure differential phase and gain, 
and was selected as giving the desired 
results quickly and accurately. 

Equipment 

The Bell Telephone Laboratories have 
developed a test set for measuring the 
presence of differential phase or gain at 
the color earner frequency in television 
systems. It consists of two pieces of 
portable equipment: a transmitter and a 
receiver. The purpose of the transmitter 
is to generate a signal which simulates a 
color television signal. This signal is 
connected into the input of the syst em 
being tested. The purpose of the re¬ 
ceiver is to examine the signal at the out¬ 
put of the system being tested, to deter¬ 
mine if it has been subjected to differen¬ 
tial phase or gain. The transmitter and 
receiver are physically independent of 
each other. The only connection between 
them is the circuit being tested. This in¬ 
dependence is necessary for Bell System 
use since the transmitter and receiver 
might be separated by several thousands 
of miles of transmission networks. 

Figs. 1 and 2 show panel views of the 
transmitting and receiving units. Fig. 3 
shows a simplified block diagram of the 
system. The transmitter consists of three 
major parts: a luminance or black-and- 
white signal generator, a sync pulse gen¬ 


erator and a constant color carrier genera¬ 
tor. The luminance signal generator is 
a 15.750 kc sine-wave oscillator. The 
amplitude of this signal can be adjusted 
to represent a full range of luminance from 
dark to bright. The sync pulses are 
derived from the negative peaks of the 
luminance signal and therefore then- 
positioning on the negative peaks is auto¬ 
matic. The color carrier generator is a 
3.579545-megacycle crystal oscillator. Its 
output represents a constant hue and sat¬ 
uration signal. The three signals are 
combined at the output of the transmitter. 
The transmitter therefore sends a signal 
into the system under test which consists 
of a constant color carrier signal super¬ 
imposed on a luminance signal which is 
continuously varied over the entire range 
from dark to bright. It can be seen that 
the effect of the luminance signal is to 
change the position of the color carrier 
in the amplitude range of the transmission 
system. It is this change in position 
which gives rise to differential phase and 
gain. 

At the receiver the luminance signal and 


Fig. 3. System 
block schematic 
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color carrier are separated by means of a 
filter. The luminance signal is applied to 
a cathode-ray oscilloscope in such a man¬ 
ner that it produces a left-to-right deflec¬ 
tion of the beam. The left-to-right posi¬ 
tion of the beam, therefore, is an indica¬ 
tion of the instantaneous amplitude of the 
luminance signal with the extreme left 
indicating the dark level and the extreme 
right indicating the bright level. The re¬ 
ceived color carrier has been drawn to 
illustrate the presence of differential gain. 
The color earner signal containing any 
such variation which might have been 
produced in the system under test is 
spFt into two paths. The signal in one 
of these paths is transmitted through a 
sharp filter which removes any variation 
present and provides at the output of the 
filter an undistorted color carrier signal. 
This signal is used as a reference against 
which the distorted signal in the other 
path is compared. The comparison is 
made in thedetector. The function of the 
detector can be switched so that a com¬ 
parison may be made with respect to 
either amplitude or phase. 
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Fig. 6. Sync generator 


Fig. 4. Transmitter block schematic 


Measurements 

When differential gain is being meas¬ 
ured, the comparison is made on an ampli¬ 
tude basis. A voltage is obtained at the 
output of the detector, which is propor¬ 
tional to the difference in amplitude be¬ 
tween the distorted and reference signals. 
In a similar manner, when differential 
phase is being measured, a voltage is ob¬ 
tained at the output which is proportional 
to the instantaneous difference in phase 
between the distorted and reference sig¬ 
nals. In either case the output of the de¬ 
tector is applied to the oscilloscope in 
such a manner that it produces a up-and- 
down deflection of the beam. The 
amount by which the beam is deflected 
vertically is a measure of the amount of 
differential phase or gain present in the 
circuit under tests. The presentation of 
the complete measurement is therefore a 
line on a cathode-ray tube. This might 
be considered as a graph in which the am¬ 
plitude of the luminance signal is plotted 
as a horizontal co-ordinate against dif¬ 
ferential gain or phase in the vertical co¬ 
ordinate. The sensitivity of the measure¬ 



ment is such that the amount of distor¬ 
tion which is considered just perceptible 
causes the beam to be deflected vertically 
1 inch. This sensitivity enables us to 
measure, and hence correct, for distor¬ 
tions which are quite a bit below percept¬ 
ibility. This is necessary because a long 
television network might consist of a 
number of shorter links. If the over-all 
network is to produce only a moderate or 
imperceptible degradation, then each 
link must be adjusted to be almost perfect 
in itself. 

Fig. 4 is a block schematic of the trans¬ 
mitter showing the arrangement of the 
luminance generator, the sync generator, 
the color carrier generator, and the level¬ 
adjusting attenuators. 

Luminance Signal Generator 

A simplified schematic of the luminance 
or low-frequency signal generator is shown 
in Fig. 5. V4, T3, and C22 comprise a 

15.750-kc oscillator circuit. V5 and 
associated components form a peak-to- 
peak detector circuit which is used to 
provide automatic volume control for the 
oscillator. The detector circuit is back- 
biased by a positive d-c reference voltage 
on cathode pin 8. So long as the peak- 


Fig. 5 (left). Low- 
frequency oscillator 


Fig. 7 (below). 
High - frequency 
oscillator 


to-peak value of the 15.750-kc sine wave 
on the plate, pin 5 of V4 does not exceed 
the d-c reference voltage on the detector, 
no d-c output is obtained at pin 4 of de¬ 
tector V5. However, when the peak-to- 
peak value does exceed the reference volt¬ 
age, a negative d-c voltage is obtained at 
pin 4 of V5 which is proportional to the 
amount of this excess. This voltage is 
fed back as bias to the grid of the oscilla¬ 
tor tube and thus tends to limit the out¬ 
put of the oscillator. Potentiometer R36 
provides a means of varying the reference 
voltage to the detector and thereby the 
output of the oscillator. The reference 
voltage is supplied from a voltage refer¬ 
ence gas tube. Changes in output of less 
than ±0.1 decibel (db) are obtained for 
± 10-per-cent variations in supply volt¬ 
ages. Frequency accuracy is of the 
order of ±1 per cent. A voltage which 
represents a small portion of the positive 
peak of the sine wave is obtained at pin 8 
of the diode. This voltage is transmitted 
to the sync generator. 

Sync Generator 

A simplified schematic of the sync gen¬ 
erator is shown in Fig. 6. This circuit 
consists of tubes V6, V7, and V8, CRI and 
CR2 and associated components. The 
sine wave tips from the low-frequency 
generator are amplified and shaped into 
sync pulses in this circuit. R29 provides 
a means of adjusting the amplitude of the 
sync pulse output. 

Color Carrier Generator 

A simplified schematic of the color car¬ 
rier generator is shown in Fig. 7. It con- 
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Fig. 8. Combining and output circuit 

sists of a 3.579545 megacycle crystal os¬ 
cillator VI, a buffer stage V2, and an 
automatic volume control circuit V3, 
which, is similar in its operation to that 
described for the low-frequency oscillator. 
Potentiometer R13 provides for adjust¬ 
ing the output of the oscillator. 

_ luminance, sync, and color carrier 
signals are combined as shown in Fig. 8. 
The output of the color carrier generator 
is transmitted through an attenuator be¬ 
fore it is combined with the other two 
signals. This attenuator is designated 
“high freq—db below low freq” and is 
used to establish the ratio between the 
high- and low-frequency amplitudes. 
The combined output is transmitted 
through a pair of attenuators, designated 
“low freq out—dbv.” These attenuators 
are calibrated in terms of the low-fre¬ 
quency or luminance signal output and 
cover a range of +6 decibels from 1 volt 
peak-to-peak (dbv) to -15 dbv in 0.1- 
db steps. A repeat coil is provided so 
that either a balanced 124-ohm output or 
an imbalanced 75-ohm output can be ob¬ 
tained. 

Receiver 


high-pass filters with their inputs con¬ 
nected in parallel. This filter is used to 
separate the luminance signal and the 
color carrier signal. The low-frequency 
luminance signal is obtained at the out¬ 
put of the low-pass section. The high- 
frequency color carrier signal is obtained 
at the output of the high-pass section. 
The sweep phase control in the luminance 
signal path provides for the adjustment 
of the horizontal sweep so that the ex¬ 
treme left-hand end of the oscilloscope 
trace represents the black level of lumi¬ 
nance. The high-frequency color signal 
is split into two paths in the first hybrid 
coil. 2 The sharp crystal filter in one of 
the paths removes any distortion which 
might have been produced in the system 
under test and provides at its output an 
undistorted reference signal. This signal 
is used as a reference against which the 
distorted signal in the other path is com¬ 
pared. The cal tst” switch provides 
the various circuit arrangements neces¬ 
sary for measuring differential phase or 
gain, or for calibrating adjustment. 
When measuring differential gain the 
reference and distorted signals are com¬ 
pared on an amplitude basis. The refer¬ 
ence and distorted signals are each con¬ 
nected to the input of an amplifier-recti¬ 


Ffg. 10. Input circuit 


fier. The rectified outputs are compared 
in a bridge circuit and a voltage represent¬ 
ing their difference is connected to the 
vertical input of an oscilloscope. The 
two amplifier-rectifiers are adjusted to 
have equal sensitivity by means of the 
cal 2 control. Therefore, if at any in¬ 
stant the reference and distorted signals 
are equal in amplitude, the output from 
the bridge circuit is zero. 

Phase Measurements 

When differential phase is being meas¬ 
ured the reference and the distorted sig¬ 
nals are compared on a phase basis. The 
two signals are connected into a pair of 
conjugate branches of a hybrid coil. The 
two outputs from the other pair of con¬ 
jugate branches represent the phasor sum 
and the phasor difference of the two sig¬ 
nals. The phasor sum is connected to the 
input of one of the amplifier-rectifiers and 
the phasor difference to the other. The 
outputs are combined in the same manner 
as for differential gain. The output from 
the bridge circuit at any instant is propor¬ 
tional to the phase difference between the 
reference and distorted signals. Zero 


A block schematic of the receiver is 
shown in Fig. 9. The filter at the input 
consists of complementary low- and 
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Fig. 9. Receiver block schematic 



Fig. 11. Amplifier-rectifier 
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output is obtained from the bridge when 
the two signals are 90 degrees out of 
phase. 

The cal 1 position of the switch pro¬ 
vides the same circuit arrangement as 
Tor gain. The cal 1 control is used to 
adjust the input level for the proper value 
of rectified current from the reference 
signal amplifier-rectifier as indicated by a 
reading of 20 microamperes on the panel 
meter. 

The cal 2 position of the switch pro¬ 
vides for connecting the reference signal 
to the input of both amplifier-rectifiers. 
The panel meter is connected to the out¬ 
put of the bridge circuit. The adjust¬ 
ment of the cal 2 control for zero output 
from the bridge then provides equal sensi¬ 
tivity in the two amplifier-rectifiers. 

The cal 3 position provides the same cir¬ 
cuit arrangement as for gain except that 
the meter is connected to the output of 
the bridge. The cal 3 control is then ad¬ 


justed for equal transmission in the two 
paths as indicated by a zero-reading of the 
meter. 

The cal 4 position is the same as the 
phase position except that the meter is 
connected to the output of the bridge cir¬ 
cuit. The cal 4 control is adjusted in this 
position to obtain a 90-degree difference 
in phase shift in the two paths as indica¬ 
ted by a zero-reading of the meter. 

Amplifier-Rectifiers 

Simplified schematics of the input cir¬ 
cuits and amplifier-rectifiers are shown on 
Figs. 10 and 11. Each of the two ampli¬ 
fier-rectifier circuits consists of a 2-stage 
3,579-kc amplifier terminated in a varis¬ 
tor rectifier. Each circuit has approxi¬ 
mately 26 db of negative feedback. Since 
the rectifier circuit is included in the feed¬ 
back loop, a high degree of linearity and 
stability is obtained. 


Sensitivity 

This set provides approximately 50 
millivolts to the vertical input of the os¬ 
cilloscope for 1 db of differential gain or 5 
degrees of differential phase. A number 
of oscilloscopes are available which will 
provide a 2-inch vertical deflection for 
this voltage. A 50-millivolt calibrating 
signal is available in the receiver for ad¬ 
justing the vertical sensitivity of the os¬ 
cilloscope. 
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Derivative-Controlled Magnetic 
Amplifiers 

A. D. SCHNITZLER 

AFFILIATE MEMBER AIEE 


A LTHOUGH magnetic amplifiers 
have been in use for a great many 
years, it is only in the past few that they 
have widespread attention. Their devel¬ 
opment has been vastly accelerated by the 
development of high quality core materials 
and rectifiers, and the recognition of the 
vital role that rectifiers may play in 
magnetic-amplifier circuits. Thus the 
self-saturating magnetic amplifier 1 - 2 in¬ 
corporating rectifiers in series with the 
load windings, was invented and was 
found to have a high gain to time constant 
ratio. 

Numerous modifications have been 
made upon the self-saturating magnetic 
amplifier since its invention. After the 
development of core material with a rec¬ 
tangular hysteresis loop, Ramey, 3 by in¬ 
corporating rectifiers in the control cir¬ 
cuit, invented an amplifier with high-gain 
and inherent half-cycle response. 

With the development of more complex 
magnetic-amplifier circuits incorporating 
more and more rectifiers, it has become 
apparent that new limitations imposed 
upon gain, linearity, sensitivity, and sta¬ 
bility are those of the component recti¬ 


fiers. For example, the incorporation of 
rectifiers in the control circuit of a half¬ 
cycle response amplifier sets a lower limit 
upon the signal voltage of about 1 volt. 

Recently, this limitation has been re¬ 
moved by Scorgie,* who invented a mag¬ 
netic-amplifier circuit which incorporates 
a combination of positive and negative 
feedback in such a way as to obtain high- 
gain and half-cycle response without the 
use of rectifiers in the control circuit. In 
addition, by using core material with a 
large value of maximum permeability /%, 
he has obtained linear amplification of sig¬ 
nals on the order of 10 “ 3 volts while at 
the same time preserving the half-cycle 
response. The dependence of the for¬ 
ward resistance of the rectifiers in the 
load circuit upon the current through 
them and the largest value of /i m availa¬ 
ble set this lower limit upon signal volt¬ 
age. However, for small values of signal 
voltage, self-saturating magnetic ampli¬ 
fiers are subject to drift and instability, 
because of the dependence of the back re¬ 
sistance of the rectifiers upon tempera¬ 
ture, which in turn is dependent upon the 
current through the rectifiers. 


This paper describes a high-gain fast- 
response drift-free magnetic amplifier for 
operation with such low-level low-imped¬ 
ance signal sources as thermocouples. 
This amplifier is, however, one of a class 
to which the rule applies that the input 
impedance increases as the square of the 
number of turns of the control winding. 
The breadboard model described in this 
paper was found to have a response time 
of 1 to 2 cycles of the power supply fre¬ 
quency, a constant voltage gain of 700, 
a power gain ranging from 10,000 to 
105,000 and to be capable of operating 
from a signal source with up to 5 ohms of 
impedance without affecting the fast re¬ 
sponse time. Freedom from drift and 
high gain are obtained by use of a com¬ 
bination of positive and negative feed¬ 
back in such a way that the first stage of 
the 2-stage amplifier operates on the 
average increment of signal voltage over a 
half-cycle, while the second stage ampli¬ 
fies and sums the increment already ampli¬ 
fied by the first stage. In a 2-stage am¬ 
plifier, drift is almost entirely due to 
variations in the parameters of the first 
stage. Here, the first stage functions as a 
derivative amplifier and the second stage 
as an integrator. Since the input stage 
operates upon the average increment of 
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K = a 2 (a, - 2 ) -| Rg. 1 . Block diagram 


signal voltage per half-cycle, rather than 
upon the entire signal voltage as in the 
case of a conventional 2-stage amplifier, 
the effect of variations in the back resist¬ 
ance of the rectifiers upon the output is 
diminished by the ratio of the increment 
per half-cycle to the entire signal voltage. 
Drifting by, the integrator is degenerated 
by 100 per cent delayed negative feed¬ 
back. By delaying the negative feed¬ 
back through the action of a filter or a 
reactive load, the output voltage of the 
amplifier can be made proportional to the 
sum of the signal voltage and its first 
derivative. This effectively reduces the 
total time constant of a system incor¬ 
porating the amplifier. 

General Theory 

A block diagram depicting the func¬ 
tional relations between average voltages 
during successive half-cycles of the power 
supply voltage is shown in Fig. 1. The 
three separate diagrams indicate the 
voltages during three successive half¬ 
cycles following the initiation of a step 
increase in signal voltage from E t to 
AEi. The bar over the voltage sym¬ 
bol indicates the average voltage over a 
half-cycle. 


The block labeled 5 consists of a re¬ 
sistor network for summing the three in¬ 
put voltages. These voltages are the 
signal voltage and two negative feedback 
voltages. It will be shown later that the 
sum of these three voltages, which consti¬ 
tutes the input to block A, is proportional 
to the derivative of the signal voltage. 
Block A may consist of either two full- 
wave or two half-wave magnetic ampli¬ 
fiers connected in a push-pull arrange¬ 
ment so as to achieve amplification of 
both positive and negative increments of 
signal voltage. 

The block labeled I is a voltage integra¬ 
tor, i.e., a conventional self-saturating 
magnetic amplifier with sufficient external 
positive feedback to compensate for the 
power losses which are due to rectifier 
leakage and core losses. 

_ A general understanding of the opera¬ 
tion of the amplifier can be obtained by 
referring to the block diagram. It is as¬ 
sumed that enough time has elapsed after 
the termination of any previous tr ansien ts 
for the output of the amplifier to have 
reached a steady state. It follows from 
this assumption that the input to the 
integrator (but not the output), and the 
output and input of amplifier A must be 
zero. Therefore, the feedback voltage 


from the integrator to the resistor sum¬ 
ming network S must cancel the signal 
voltage Ei. 

It is now assumed that at the beginning 
of a half-cycle of the supply voltage an 
increment AEt of signal voltages appears 
at the input to the summing network 5. 
Due to the addition of successive half¬ 
cycle delays inherent in the operation of 
amplifier^ and integrator I, the feedback 
voltage Ep remains unchanged during the 
first and second half-cycles after the ap¬ 
pearance of the increment of signal volt¬ 
age. Likewise, the feedback voltage 
from amplifier A remains zero during the 
first half-cycle after the appearance of the 
increment of_signal voltage. Hence a 
net voltage AEi appears in the control 
circuit of amplifier A. This voltage de¬ 
termines the output of amplifier A during 
the second half-cycle. 

Since the voltage gain of amplifier A is 
«i during the second half-cycle, its total 
output voltage is ai AE t . Of this total 
voltage a fraction ft appears across one of 
the resistors of the summing network 5 
and the fraction 1-ft appears at the in¬ 
put to the integrator. By selecting ft 
so that 

—PiaiAEi = —2AEi ( 1 ) 

the input to the amplifier A is made zero 
dtumg the second half-cycle and hence the 
output from the amplifier during the 
third half-cycle is zero. The factor 
2 in equation 1 arises from the fact 
that the flux transferred from the gat¬ 
ing core to the resetting core of A is 
dimi nishe d by an amount proportional 
to AEt, the input voltage during the 
first half-cycle. Therefore - AE must be 
provided to ensure zero output from A 
during the third half-cycle. 

Then, during the third half-cycle, if 
the voltage gain of the integrator is a 2 , 
the total outp ut voltage is increased by 
<* 2 ( 1 —ft) aiAEi. Of this voltage increase, 
the fraction ft is caused to appear as ad¬ 
ditional negative feedback voltage to the 
resistor network S, and the fraction 1—ft 
is caused to appear as an increase in load 
voltage. By selecting ft so that 

—fta 2 (l —ft)aiAJSj * — AE f (2) 

the input to amplifier A again is made 
zero during the third half-cycle. Since 
both the input and output voltages of 
amplifier A are zero during the third half¬ 
cycle, the output of the integrator can¬ 
not change further until at least 1 cycle 
after the initiation of a new increment of 
signal voltage. Thus a steady state has 
been established 1 cycle after the initia¬ 
tion of the incremental change in signal 
voltage. 


570 


Schnitzler—Derivative-Controlled Magnetic Amplifiers 


November 1954 














Equations 1 and 2 equating the incre¬ 
ment in feedback voltage to the incre¬ 
ment of input voltage determine 0i and 
0 2 as functions of and « 2 . From the 
first equation 



( 3 ) 


Substituting this value of 0i into equation 
2 gives for 0 2 


1 

az(ai~ 2 ) 


( 4 ) 


The increment of voltage across the load 
is given by 


AEo=(l—182)0:2(1— 0 i)ceiAEi (S) 


Substituting in equation 5 the expressions 
for /3i and 0 2 , the voltage gain of the ampli¬ 
fier, defined as the ratio of AEo to AEt is 

MJ-o«(«,-2)-1 (6) 


If a.\ and a 2 are large compared to unity, 
the total voltage gain of the amplifier is 
approximately aia 2 . 

In this description of the functional 
relationship between the blocks, it was 
assumed that enough time had elapsed 
after the termination of any previous tran¬ 
sients for the output of the amplifier to 
have reached a steady state. This means 
that the signal voltage is assumed to have 
been constant for at least 3 half-cycles 
before the initiation of the new transient 
assumed in the analysis. Let T-z desig¬ 
nate the second half-cycle and T-\ the 
first half-cycle before initiation of a tran¬ 
sient and T n the nth half-cycle after initia¬ 
tion of the new transient. Then, in ac¬ 
cordance with the initial conditions 

1 ) (?) 

Ei(T-i)-\-AEi=Ei( 7i) (8) 

Now suppose the input voltage continues 
to change so that its value dining the 
second half-cycle in general differs from 
that during the first half-cycle. Then 
the input to amplifier A during the 
second half-cycle after the transient is 

Ei( T t )—Ei(T-i)— [Ei( Ti) - Ei( T-«)] 

-2wr«>-jBKro (9) 


The first term on the left of equation 9 is 
the signal during the. second half-cycle. 
The second term is the feedback from the 
integrator delayed 1 cycle, and the third 
terra is the feedback from amplifier A 
delayed 1 half-cycle. 

Similarly, during the third half-cycle, 
the input to amplifier A is given by 

EATj-ntm-iEtm-EiiTiV 

=jE,(r # )-Ei(r 2 ) (io) 

In general, then, the input to amplifier A 


during the nth half-cycle is given by 
Et(T n ) — Ei(T n - 1 ). Since the time deriv¬ 
ative is defined by 

dEi(t) Ei(t)—Et(to) 

,—;—=limit- (11) 

dt (—to 

it is apparent that the input to amplifier A 
is approximately the time derivative of 
the signal voltage multiplied by the half¬ 
period of the power supply voltage. Thus 

(Tn-Tn-i) (12) 


dBt(T n ) 


(Tn-Tn-i) 


Since T„—T n - 1 is the half-period of the 
power supply voltage and a constant, the 
input to amplifier A is equal to the average 
value per half-cycle of the first derivative 
of the signal voltage. Because the change 
in signal voltage per half-cycle is really 
always less than the total signal voltage, 
the amplification requirements of ampli¬ 
fier A are correspondingly reduced. It 
will be shown also that the input power 
and the tendency for the amplifier to 
drift are reduced. 

An even greater reduction of the ampli¬ 
fication requirements of the amplifier can 
be achieved by adding successive stages 
in such a way that the input to the first 
stage contains successively higher order 
derivatives of the signal voltage. This 
can be seen best by considerng the Taylor 
series expansion of a function Ei(t). Thus 


n 

- 2 > 


to)E t < K) W+R n (14) 


where R n is the error. 


00 

Rn - (t-kfEi^ito) OZt-kKl 


If w = 0 

Ei(t)—Ei(to)-)-Ro ( 16 ) 

The first stage of a 2-stage amplifier has 
the error term as its input. Since the 
error contains only first- and higher order 
derivatives, the input is zero if the signal 
is constant. If n — 1 

(17) 

In the case of a 3-stage amplifier, the error 
term contains only second- and higher 
order derivatives. If the first derivative 
of the signal is constant, the input to the 
first stage is zero. 

In general for an 2-stage amplifier, 


if the flth derivative of the signal is con¬ 
stant, the error term which is the input 
to the first stage is zero. If the signal and 
its derivatives are continuous and not 
zero, the error term approaches zero as 
more and more terms are included. 
Since the error term is the input to the 
first stage, the input requirements of the 
first stage can be reduced by adding more 
and more stages. However, an addi¬ 
tional half-cycle delay is introduced by 
each additional stage. Also the number 
of cores and rectifiers required to make 
up the amplifier increases geometrically 
with the number of stages. 

It would seem that the 2-stage ampli¬ 
fier with its high gain and stability and 
only 1-cycle delay should be useful in 
many applications. The 3-stage ampli¬ 
fier incorporating more cores and recti¬ 
fiers than the 2-stage amplifier could be 
useful in those applications where ex¬ 
tremely high gain and sensitivity are de¬ 
sired. Only the 2-stage amplifier is given 
a detailed description in this paper. 

Description of Circuit 

The 2-stage derivative-controlled mag¬ 
netic amplifier utilizing full-wave deriva¬ 
tive amplifiers is shown in Fig. 2. This 
circuit will now be described in detail. 
Later a simplified version embodying 
half-wave derivative amplifiers will be 
described. 

In Fig. 2, cores I and II with associated 
circuitry are the positive derivative am¬ 
plifier; cores III and IV, the negative 
derivative amplifier; and cores V and VI, 
the integrator. The negative feedback 
from the positive and negative derivative 
amplifiers appears across resistors R\ 
and Rz respectively. The negative feed¬ 
back voltage from the integrator appears 
between terminals X% and Xt, which are 
across resistor Ro. The three blocks 
labeled I h I 2 , and J 3 respectively, are con¬ 
stant current sources which provide bias 
currents to the cores. Rectifiers n and 
rio in conjunction with resistors Rs and f? 4 
serve to isolate the load circuits of the two 
derivative amplifiers from each other. 
Resistor Rs is part of the external positive 
feedback circuit of the integrator. Re¬ 
sistor R 7 is the load assumed to be purely 
resistive. Resistors Rs and Rs and the 
low-pass filter are part of the negative 
feedback circuit of the integrator. The 
low-pass filter serves to attenuate second- 
and higher-order harmonics of the power 
supply frequency in the negative feed¬ 
back to the control circuit of the deriva¬ 
tive amplifiers. The filter also delays 
the negative feedback voltage. That 
this leads to an improvement in sensi- 
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POSITIVE DERIVATIVE AMPLIFIER 


Fig. 2. Complete amplifier incorporating full-wave 
derivative amplifiers 
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tivity, stability, and time of response is 
shown after the operation of the deriva¬ 
tive amplifiers is described. 


The Integrator 

The operation of the integrator will be 
considered first, followed by consideration 
of the operation of the derivative ampli¬ 
fiers. A simplified form of this circuit, 
shown in Fig. 3, is similar to that de¬ 
scribed by reference 2. The amplitude of 
the power supply voltage is just large 
enough to swing the flux in either core 
from knee to knee of the hysteresis loop. 
The core material is assumed to be of the 
rectangular hysteresis loop type. This 
assumption is later abandoned since the 
amplifier will operate using any material 
with a high ratio of remanent flux to 
coercive force. The constant current 
source la supplies a steady direct current 
equal to the magnetizing current of the 
Ni winding at the power supply fre¬ 
quency. The rectifiers are assumed to 
have a negligible forward resistance and a 
constant backward resistance. At first, 
it will be assumed that the input voltage 
Ed is zero. If the polarity of the supply 
voltage is that indicated in Fig. 3, core V 
is on its gating half-cycle and core VI 
on its resetting half-cycle. 

Two modes of operation determined by 
the magnetic state of the gating core 
occur each half-cycle. During the first 


part of the half-cycle, the gating core is 
unsaturated, and inductive coupling 
exists between the windings c^f that core. 
During the latter part of the half-cycle, 
the gating core is saturated ,and the 
windings are effectively decoupled from 
one another. 

The impedance of the load winding iVg 
of the gating core while the core is un¬ 
saturated is much greater than the resist¬ 
ance of Ej'. Hence, before core V 
saturates, the voltage across the load 
winding on core V is e ae , (i.e., the instan¬ 
taneous value of the supply voltage). 
The following argument can be used to 
establish that the voltage across the load 
winding iV 6 of core VI is also e ac : First, it 
is to be noted that the current supplied by 
the constant current source is equal to 
the magnetizing current of the N x wind¬ 
ing. Therefore, the sum of the ampere 
turns due to currents flowing in the other 
three windings on the core must be equal 
to zero. But the voltages across the 
windings of core V are such as to cause 
currents to flow into the undotted ends of 
all three windings of core VI. Hence the 
currents must be zero and the voltages 
across corresponding windings of cores V 
and VI must be of equal magnitude and 
of opposite polarity. 

After core V saturates, the voltages 
across all its windings drop to zero and the 
supply voltage appears across the load 
resistor R 7 f . By adjusting the feedback 


resistor I?®, the voltages across the wind¬ 
ings of core VI also can be made zero. 
For this to happen, the total ampere 
turns applied to core VI must be less than, 
or equal to, the d-c magnetizing ampere 
turns of the core. Hence, by adjusting 
the feedback ampere turns to be greater 
than or equal to the rectifier (r 12 ), leakage 
ampere turns plus the difference between 
the magnetizing ampere turns at the 
power supply frequency and its value at 
zero frequency or direct current the volt¬ 
ages across the windings of core VI drop 
to zero while core V is saturated. 

Since the voltages across similar wind¬ 
ings of both cores are instantaneously 
equal, the flux change necessary to 
saturate core V must just equal the flux 
change in resetting core VI. It is safe to 
assume that the flux iri. the resetting core 
each half-cycle is initially at the upper 
knee of the hysteresis loop since the am¬ 
plitude of e ac is large enough to swing the 
flux from knee to knee of the hysteresis 
loop. If the flux in the gating core is at 
some arbitrary value at the beginning of 
the half-cycle, the flux in the resetting 
core will assume this same value by the 
end of the half-cycle. Thus, not only are 
the flux changes in the two cores equal, 
but the value of flux in one core at the 
beginning of the half-cycle becomes the 
value of flux in the other core by fhp 
of the half-cycle. At the beginning of the 
next half-cycle, when the polarity of the 
supply voltage changes and thereby in¬ 
terchanges the roles of the gating core arid 
the resetting core, the initial conditions 
of the two cores have also been inter¬ 
changed. This means that the operation 
during each half-cycle is a repetition of 
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that during the preceding half-cycle. 
Thus, the average output voltage over 
a half-cycle is constant and is given by 

£ # =^ c (l+cos 9) (18) 

X 

where 0 is the phase angle at which the 
gating core saturates. The change in 
flux in either core is given by 

GA* = — (1-cos 6) (19) 

0) 

where Ci is a constant depending upon 
the number of turns in the winding and 
units. Making use of this equation, the 
average output voltage can be written as 

£»=—-- CiA* ( 20 ) 

IT IT 

Now suppose the input voltage Ea is 
not zero, but has some magnitude, and the 
polarity shown in Fig. 3. How this volt¬ 
age is divided by the two N 2 windings of 
the two cores and resistor Rz depends 
upon the relative impedances of the three 
elements. The ratio of the impedance 
of the N 2 winding of core VI to the N 2 
winding of core V is on the order of the 
ratio of the backward resistance of recti¬ 
fier ru to the resistance of R 7 . In prac¬ 
tice, this is a large number and therefore 
E d is divided between Rz and the N 2 wind¬ 
ing of core VI. For maximum efficiency of 
power transfer from the derivative ampli¬ 
fiers to the integrator, Rz is chosen so that 
approximately one-third of the input 
voltage is dropped across the N 2 winding 
of core VI. 

The flux change in the resetting core is 
now equal to the flux change in the gating 
core minus a flux proportional to the time 


ing the second half-cycle after initiation 
of E d , since the gating core was the re¬ 
setting core during the first half-cycle, 
the net flux change in the resetting core is 
decreased by twice as much as during the 
first half-cycle. For the nth half-cycle 
this can be written 

tt—1 

A 4>n— A<fti — C 2 y) (-S(j)jc (21) 

k= 1 

where C 2 is a constant having the units of 
time. According to equation 20, during 
the nth half cycle 

(So)n«=2^- C -- CiAfin (22) 

T 7T 

Substituting L<f> n from equation 21 

n—1 

(£ 0 )»=2^-- aA<t,i+-CzCtS^(Z d ) K 
ir * * / ^ 

k-l 

(23) 

This can also be written 

71 — 1 

(jS fl )»=(£o)i+C 3 Z(£*)K (24) 

Jt => 1 

where C 3 is a new constant. Each half¬ 
cycle then Eo increases an amount propor¬ 
tional to the average value of E a during 
the preceding half-cycle. 

Likewise Eo decreases an amount each 
half-cycle proportional to Ed during the 
previous half-cycle when the polarity of 
E d is the reverse of that shown in Fig. 3. 
Thus, the circuit normally operates as an 
integrator. 

However, if the polarity of E d is the re¬ 
verse of that shown in Fig. 3, a linear rela¬ 
tion between the output voltage and the 


integral of the input voltage can exist 
only if 

Ea= 0 0 <«T S ( 25 ) 

E d <e a c T s <t< ^ ( 26 ) 

where T s is the time at which the gating 
core saturates. If the voltage across the 
load winding of the resetting core exceeds 
e ac , current flows through rectifier n 2 
in the forward direction. Thus, the im¬ 
pedance of the N 2 winding of the resetting 
core is greatly reduced and nearly all of 
the input voltage is dropped across Rz 
before the gating core saturates and the 
input voltage in excess of e ac is dropped 
across Rz after the gating core saturates. 
The conditions on input voltage which in¬ 
sure linearity between the output voltage 
and the integral of the input voltage are 
met by proper design. This is possible 
since the input voltage wave form is from 
the output of a magnetic amplifier and 
hence is a pulse occurring during the lat¬ 
ter part of the half-cycle. 

Derivative Amplifiers 

The full-wave derivative amplifiers are 
shown in Fig. 4. It has been found that 
in practice this circuit can be greatly 
simplified and a simplified circuit is pre¬ 
sented later in this paper. However, the 
circuit shown in Fig. 4 will be used to 
elucidate the theory of operation. 

The assumptions made here are similar 
to those made in describing the operation 
of the integrator. The power supply 
voltages E ae ' are just large enough to 
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swing the flux in any of the four mag¬ 
netically similar cores from knee to knee 
of the hysteresis loop. For simplicity of 
analysis, the core material is assumed to 
be of the rectangular hysteresis loop type, 
an assumption which again, as in the case 
of the integrator, can be abandoned in 
practice. The constant current sources 
ii and I 2 supply steady currents equal to 
the magnetizing currents of the N x wind¬ 
ings of the cores at the power supply fre¬ 
quency. The rectifiers are assumed to 
have negligible forward resistance and a 
constant backward resistance. First the 
input voltage AJ5* is assumed to be zero. 
When the polarities of the supply voltages 
are such as shown in Fig. 4, cores II and 
III are on their gating half-cycle while 
cores I and IV are on their resetting half¬ 
cycle. 

Before the gating cores saturate, a volt¬ 
age equal to approximately e ac f exists 
across their load windings and the volt¬ 
age across the load resistors is approxi¬ 
mately zero. The voltage across the load 
windings of the resetting cores must also 
be e ac r since the constant current sources 
supply the magnetizing currents of the N\ 
windings on the cores. If the voltage 
were less than e ac r leakage currents 
through rectifiers r x and r 7 would cause 
the ampere turns applied to the cores to 
exceed the ampere turns required to main¬ 
tain the voltage at e ac '. Thus a con¬ 
tradiction results. Similarly, a contra¬ 
diction results if the voltage is assumed to 
exceed e ac f . Since there is no positive 
feedback here, as there was in the na .s e of 
the integrator, the flux goes to the lower 
knee of the hysteresis loop of each reset¬ 
ting core in a half-cycle. These same two 
cores on their gating half-cycle do not 
saturate. Thus the output 1 half-cycle 
after energizing the circuit becomes zero 
and remains zero until an input voltage is 
introduced. 

An input voltage A Ei is now assumed 
and with all voltages having the polarities 
indicated by Fig. 4, cores II and III are , 
on their gating half-cycle and have e ac ' 
across their load windings during the first 
half-cycle. Cores I and IV are on their 
resetting half-cycle, but now both do j 
not have e j across their load windings. i 
Again, as in the case of the integrator, in ] 
order to determine how the input voltage a 
will be divided between the two N x wind- t 
ings, their relative impedances must be c 
determined. The polarity of the input d 
voltage is such that the voltage would p 
subtract from the reset voltage across the ti 
N \ wmdin ff of core I but add to the reset si 
voltage of the N x winding of core IV. re 
However, with the input voltage zero, re 
•Wiese /N 2 exists across each of the wind- ai 


Fig. 5. Equivalent circuit of inter¬ 
stage coupling 


R 3 =R R* a R 



> ings. The impedance in the load winding 
of core I, if the voltage is less than e ac f , 
is the backward resistance of r x while the 
impedance in the load winding of core IV, 
if the voltage is greater than e ae r , is the 
forward resistance of t 7 . Hence, nearly 
all of the input voltage is dropped across 
the N x winding of core I. Thus the volt¬ 
age across the load winding of core I is 
EaS-WN^AEi during the first half- 
cycle, and only core IV will be fully reset. 

During the second half-cycle, when the 
gating cores are interchanged with the re¬ 
setting cores, similar conditions hold but 
with different cores, until core I which is 
now on its gating half-cycle saturates. 
While core I is saturated, a negative feed¬ 
back voltage exists across R x . The ratio 
of Ri to JY is chosen so that the average 
value of the feedback voltage over a half¬ 
cycle just equals 2A£,. It may be shown 
that then the two resetting cores II and 
III are reset the same amount during this 
second half-cycle. Then, during the third 
half-cycle they are both saturated during 
the same interval of time and the output 
voltages across iY and 2Y are equal but 
of opposite polarity. Only during the 
second half-cycle does a net voltage exist 
across iY. Also, during the third half¬ 
cycle A Ei drops to zero in the operation 
of the complete amplifier shown in Fig. 2. 
Thus the output of both derivative am¬ 
plifiers drops to zero during the fourth 
and succeeding 1/2-cycles until a change 
in E t produces a derivative pulse. If the 
polarity of A Ei is reversed, the operation 
is similar but the net output voltage 
exists across iY and hence its polarity is 
also reversed. 

Coupling Derivative Amplifiers to 
Integrator 


winding connected to the negative deriva¬ 
tive amplifier. This induced voltage 
causes current to flow through R, and is 
then shunted through r 10 so that it doesnot 
affect the operation of the negative deriva¬ 
tive amplifier. 

The second requirement to be kept in 
mind when designing the coupling circuit 
is maximum power transfer from the 
derivative amplifiers to the integrator. 
The coupling circuit can be reduced to 
the equivalent circuit in Fig. 5. The re¬ 
sistors Rs and R 4 have the value R, the 
load-winding resistances of the deriva¬ 
tive amplifiers have the value r and the 
input resistance of the integrator has the 
value R x . For maximum power transfer 
from the voltage source e ao f to the resistor 
Rx, the values of R and R x are found to be 

R = V$ r (27) 

Rx =\ r (28) 

The voltage drop across J % is found to be 
1 

e ' X ~2(2+s/2) eac ' 

or about one-sixth of e ac \ The power 
delivered to the integrator is found to be 


Substituting from equations 28 and 29 
p a Hsl)1 

X 4(3+2 V2> (3] 

The maximum available power from tli 
derivative amplifiers is 

n JEacV 


In coupling the output of the derivative 
amplifiers to the integrator input, two 
requirements must be kept in mind. 
First, the coupling circuit must be such 
as to insure freedom from interaction by 
the two derivative amplifiers. Hence the 
coupling circuit shown in Fig. 2 was 
decided upon. If the gating core of the 
positive derivative amplifier saturates, 
the voltage e ao r is divided among the re¬ 
sistance of the load winding, the isolating 
resistor R* and the control winding of the 
resetting core of the integrator. A volt¬ 
age is induced into the other control 


Hence the power delivered to t he inti 
grator is about one-sixth of the maximui 
available power. 

It was pointed out in describing th 
operation of the integrator that the volt 
age across the load winding of the reset 
ting core should not exceed e ac if linearity 
between the output voltage and the inte 
gral of the input voltage is to be preserved 
Making use of equation 29 for E x , the re 
lation between E ao ' and E ac is thus deter 
mined to be 


EY=2( 2+V§)^- a 
N 


Schniztler Derivative-Controlled Magnetic Amplifiers 


November 195 



POSITIVE DERIVATIVE AMPLIFIER 



Fig. 6. Complete am¬ 
plifier incorporating 
half-wave derivative 
amplifiers 
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where N = turns ratio of the load winding 
to control winding of the integrator. 

Low-Pass Filter 

It was claimed in the section on circuit 
description that the inclusion of the low- 
pass filter in the negative feedback loop 
leads to greater sensitivity, stability, and 
speed of response. Greater sensitivity re¬ 
sults since the low-pass filter attenuates 
second- and higher order harmonics of the 
power supply frequency included in the 
feedback voltage across Ro. Thus the 
magnitude of the alternating currents 
flowing through the signal source are 
greatly reduced. 

Harmonics of the power supply fre¬ 
quency in the feedback voltage also in¬ 
crease the amount of variation of output 
voltage with temperature. Drift in the 
output of the amplifier shown in Fig. 2 is 



due primarily to variations in the leakage 
current through rectifiers, r x , r 2 , ft and ri 
with temperature. If the signal voltage 
and the feedback voltage were instan¬ 
taneously equal, no voltage would exist 
backward across the rectifiers and hence 
the leakage current would be zero regard¬ 
less of the resistance. Thus, although the 
backward resistances of the rectifiers are 
different functions of the temperature, 
the leakage currents would be zero and 
hence the output of the amplifier would be 
essentially independent of the tempera¬ 
ture. However, harmonics in the feed¬ 
back voltage make it impossible for the 
signal voltage to equal instantaneously 
the feedback voltage although their aver¬ 
age values are equal. Thus part of each 
half-cycle voltage exists backwards across 
the rectifier in series with the load wind¬ 
ing of the resetting core of the positive 
derivative amplifier. The same is true 



of the corresponding rectifier in the nega¬ 
tive derivative amplifier. Thus, al- 
through the average values of these two 
voltages are equal when Et—Ep, the back¬ 
ward resistance of the two rectifiers are 
not only unequal, but are generally dif¬ 
ferent functions of the temperature. 
Hence, unequal leakage currents, the de¬ 
gree of inequality varying with the tem¬ 
perature, flow through the two rectifiers 
in the backward direction. This induces 
a temperature-dependent voltage in the 
control circuit which may either add or 
subtract from the feedback voltage caus¬ 
ing the output voltage to be a function of 
the temperature. Thus by attenuating 
the harmonic components of the feedback 
voltage, the low-pass filter enhances the 
temperature stability of the amplifier. 

The presence of the low-pass filter in 
the negative-feedback circuit gives rise 
to a time delay in the negative-feedback 
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Ffj. 11 (right). Gain function 


voltage. After the introduction of a 
step of signal voltage, the output voltage 
overshoots its final quiescent value. 
Thus a derivative component is added to 
the output, increasing the over-all speed 
of response of any system in which the 
amplifier is incorporated. 

A Simplified Amplifier Circuit 

A simplified form of the 2-stage deriva¬ 
tive-controlled. amplifier is shown in Fig. 
6. This simplification has been achieved 
by making use of half-wave derivative 
amplifiers eliminating two cores and six 
rectifiers. In addition, the necessity for 
isolating the output circuits of the two 
derivative amplifiers from one another has 
been eliminated. This is because inter¬ 
action between the two circuits is not im¬ 
portant since the half-wave amplifiers 
have a half-cycle dead time following the 
appearance of a derivative pulse in the 
output. Hence the two shunt rectifiers 
rs and rio and the two isolating resistors 
R* and are not included in the circuit. 

By making use of supermalloy cores 
rather than a rectangular hysteresis loop 
type it has been found possible to sub¬ 
stitute a-c sources for the d-c sources. 
The a-c sources must be phased properly 
in respect to the power supply voltages as 
indicated in Fig. 6. 

Because the derivative amplifiers are 
half-wave amplifiers, the response time 
of the complete amplifier may be increased 
by an additional half-cycle. Thus, if a 
step change in signal voltage is introduced 
at the beginning of the gating half-cycle 
of the derivative amplifier cores, it cannot 
affect the reset of the cores until the 
second half-cycle and the output until 
the third half-cycle. However, because 
the control circuit is inoperative during 
the gating half-cycle, the need for a nega¬ 
tive feedback pulse from the output of 
the derivative amplifiers no longer exists, 
and resistors f?i and H .2 are not included 
in the simplified circuit. 
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Experimental Results and 
Conclusions 

The transfer characteristic of the sim¬ 
plified circuit is shown in Fig. 7. The 
load current is a linear function of the 
control voltage to a good approximation. 
Deviations of the transfer characteristic 
from a straight line were observed to be 
even smaller with the resistive-inductive 
load provided by the field winding of an 
8-kva alternator. 

The input characteristic of the simpli¬ 
fied circuit is shown in Fig. 8. Both the 
average of the control current and the rms 
value of the control current are plotted 
as functions of the control voltage. The 
amplifier is stable in spite of the negative 
slope of the input characteristic in the 
range of signal voltage from 8 to 25 milli¬ 
volts. This is because the rate of in¬ 
crease in negative feedback voltage is 
greater than the rate of decrease in cur¬ 
rent-resistance drop in the control circuit. 
This condition is satisfied in achieving 1- 
cycle response. For the circuit shown in 
Fig. 6, it was found that up to 5 ohms re¬ 
sistance could be inserted in the control 
circuit without increasing the time of re¬ 
sponse of the amplifier. In general, the 
input impedance increases as the square 
of the number of control-winding turns. 
It follows from these observations tha t 
the amplifier could be made to operate 
from such fast-operating low-level de¬ 
vices as the strain gauge and the barrier 
photocell, as well as from relatively high- 
impedance devices. 

The power gain as a function of control 
voltage is shown in Fig. 9. Although the 
voltage gain of the amplifier is a constant, 
the current gain and the power gain in¬ 
crease with signal voltage to a Tnavfmum 
just before saturation of the amplifier. 

A frequency analysis was made of the 
amplifier incorporating the resistive-in¬ 
ductive load. The results are shown in 
Figs. 10 and 11. Fig. 10 is a comparison 
of the phase angle of the load by itself 


and the phase angle of the system in¬ 
cluding the amplifier. With the resistive- 
inductive load, the low-pass filter was 
found to be unnecessary and the negative 
feedback voltage (delayed in this case) 
was determined by the load current. 
From Fig. 10 it is seen that the amplifier 
extends the frequency at which the phase 
angle is 45 degrees from 6 to 14 cycles per 
second. Thus, the total time constant 
of a system incorporating this amplifier 
can be effectively reduced. This is es¬ 
pecially valuable in such applications as 
driving a high-speed teletype relay, pro¬ 
viding excitation to the field winding of a 
generator, providing excitation to the 
control winding of a 2-phase servo motor, 
or operating a magnetic clutch. 

A comparison of the voltage gain of the 
resistive-inductive load by itself and the 
system including the amplifier is shown in 
Fig. 11. It has been found that in prac¬ 
tice the amplifier will operate with either 
supermalloy or Deltamax cores. The 
value of the maximum peremeability Hm 
is a figure of merit for core materials in so 
far as their use in this amplifier is con¬ 
cerned. 

It was pointed out in the description of 
the low-pass filter that the amplifier is 
essentially free from drift due to tem¬ 
perature variations. This is because the 
first stage operates as a derivative ampli¬ 
fier. Therefore, variations normally oc¬ 
curring in the parameters of this stage 
can only affect the time of response, and 
this to an insignificant amount. Some 
preliminary temperature tests on an am¬ 
plifier similar to that shown in Fig. 6, 
but incorporating silicon junction recti¬ 
fiers, were made. It was found that over 
the range from —25 to 70 degrees centi¬ 
grade a constant load current of 100 milli- 
amperes through a 70-ohm relay coil 
could be maintained by making small ad¬ 
justments in signal voltage amounting to 1 
per cent of the value at room tempera¬ 
ture. 
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Impedance and Induced Voltage 
Measurements on Iron Conductors 


W. F. MACKENZIE 

ASSOCIATE MEMBER AIEE 


T HE purpose of this paper is to pro¬ 
vide data and from these to draw con¬ 
clusions on three questions involving the 
flow of 60-cycle alternating currents in 
iron or steel structures. First, the paper 
will attempt to provide a simple empiri¬ 
cal means of calculating the a-c imped¬ 
ance of iron or steel members. The ap¬ 
plication of these data for protective 
grounding and fault calculations will be 
presented in a companion paper. Second, 
the paper will indicate the effect of joints 
and couplings in iron and steel structures 
on the flow of 60-cyde currents. The 
third question that this paper will at¬ 
tempt to answer is what effect the cur¬ 
rent flow on iron conduit surfaces will 
have on control conductors in the con¬ 
duits. The application of these data will 
also be covered in a companion paper. 

Impedance of Iron and Steel 
Members 

The steel members on which impedance 
measurements were taken belong in two 
quite dissimilar groups. The first group 
consisted of I-beam type steel structural 
members varying quite widely in shape 
and in cross-sectional area from 5.88 to 
206.25 square inches. The second group 
consisted of steel conduits varying in 
size from 1 to 4 inches. 

The impedance of the members was 
measured by passing current through the 
steel and measuring the voltage drop 
along a known length. Test current was 
supplied by two 5-kva 240/10-volt trans¬ 
formers connected in parallel and meas¬ 
ured with a 400-1 wound type of current 
transformer and portable ammeter. In 
the case of the structural columns, cur¬ 
rent connections were made 5 feet apart 
to the form edges of the columns by 
means of eight flexible 0000 leads fas¬ 
tened to the column with C clamps; see 
Fig. 1. Four voltage drops, one on each 
side of the column, were measured on the 
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2-foot section located midway between 
the current connections. These volt¬ 
ages were measured with a vacuum-tube 
voltmeter and a stabilized amplifier hav¬ 
ing a gain of 28.5 to 1. For the tests on 
conduit, the current was applied by four 
flexible 0000 leads held to the pipe by C 
clamps, and 5 feet apart. One voltage 
measurement was made on the 2-foot 
section located midway between the cur¬ 
rent leads, as indicated in Fig. 2. 

Early in the tests, trouble was ex¬ 
perienced by stray flux linking the volt¬ 
meter leads. The current in the iron 
products a magnetic field that may be 
divided into two parts. First, the field 
that is confined to the iron for the length 
of the applied current; and second, the 
field produced outside of the iron. For 
low saturations, almost all of the flux pro¬ 
duced by the current will be confined to 
the iron surface and the error in the volt¬ 
age caused by stray flux will be small. 
However, if a copper or a saturated steel 
member is tested, an appreciable amount 
of the flux produced by the current will 
exist outside the surface of the conductor. 
An undetermined amount of this flux will 
be cut by the voltage leads and will pro¬ 
duce an induced voltage. This difficulty 
led to the use of a piece of 3/4-inch angle 
iron as a magnetic shield for making the 
two test-voltage measurements. The 
angle iron, as shown in Fig. 2, is insulated 
from the column or pipe by a thin layer 
of tape and encloses the voltage leads 
from the points of contact back to the 
center of the shield where the leads leave 
the shield as a twisted pair and connect 
to the vacuum-tube voltmeter terminals 
several feet away. The adequacy of this 
shield in shunting the magnetic field 
around the voltage leads was shown by a 
test made on a 1/4 by 2-inch copper bar 
on which the resistance, measured by 
applying 2,000 amperes and measuring 
the voltage drop on 2 feet, checked the 
calculated resistance within 3 per cent. 
The results of impedance measurements 
on columns and conduits appear in 
Table I. 

To make the data useful for general 
calculations, Fig. 3 presents curves of the 
ratio of 60-cycle impedance to d-c resist¬ 
ance versus current density in amperes 


per square inch. An example of the ap¬ 
plication of these curves to calculate the 
electrical performance of an iron member 
is shown in the Appendix. The curves 
illustrate the effect of the shape of the 
member on the results and also indicate 
the effects of saturation. These curves 
can be used two ways. First, with 
reasonable accuracy the actual curves 
can be used to compute impedances of 
the various conduit sizes; second, an 
average curve can be used to estimate 
impedances on any iron configuration. 
In using data this way, it should be re¬ 
membered that the effect of the shape of 
the iron member on the impedance is 
greater at low current densities, and the 
calculations will, therefore, be less ac¬ 
curate. 

Effect of Joints on the Impedance 

In the construction of a steel building 
framework the steel members are joined 



Fig. 1. Impedance measurement on column 
joint 


3/4 INCH 



SHIELD INSULATED FROM CONDUIT 


Fig. 2. Impedance measurement on conduit 
coupling 
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Table I. Results of 60-Cyde A-C Impedance Measurements on Columns and Conduits 


Specimen Tested 


D-C 

Area, Resistance, 
Square Microhms 
Inches per Foot 


Current, Current 
Amperes Density 


A-C 

Impedance, 
Microhms 
per Foot 


8-inch wide flange I beam 

... 5.88.. 

.. 13.8 . 

.... 810. 

. 138 




1,540. 

. 262 

18-inch wide flange 1 beam.. 

.. 14.71.. 

. 5.55. 

3,080. 

....1,090. 

. 523 

. 74.2 

Structural column G 62 . 

.. 87.04.. 

. 1.87 . 

2,112. 

....1,405. 

. 144 

16.1 

Structural column SS6... 

..125.25.. 

. 0.65 . 

2,580. 

....1,258. 

. 29.6 

10.0 

Structural column 147.. 

..206.25.. 

. 0.395. 

2,360. 

....1,360. 

18.8 

6.59 

1-inch conduit. 

.. 0.53.. 

. 154 

2,560. 
.... 200. 

. 12.4 

. 378 




500. 

. 944 

l l /j-inch conduit. 

.. 0.68.. 

.120 

1,000. 
.... 200.. 

.1,890 
. 294 




500.. 

. 735 

l l /s-inch conduit. 

.. 0.79.. 

.103 

1,000. 
... 200.. 

.1,470 
. 253 




500.. 

. 634 

2-inch conduit. 

1 


1,000.. 

.1,270 




500.. 

. 194 

. 486 

3-inch conduit. 

.. 2.31... 

. 35.2 . 

1,000.. 
... 40.. 

. 970 

17.3 


4 -inch conduit. 3 . 40 ..., 


100.. . 43.3 

200 .. . 86.0 
200 ... 86.6 

400.. . 173 

500.. . 216 

600.. . 280 

800.. . 346 
1,000... 433 
1,000... 433 

1.200.. . 520 

1.400.. . 600 

1.600.. . 093 
1,800... 780 
2,000... 866 
2,200... 963 

2.400.. .1.040 

2.600.. .1.120 
2,800...1,210 
3,000...1,300 

3.200.. .1.380 

3.400.. .1.470 
3,000...1,560 

3.800.. .1.040 
4,000...1,730 

4.960.. .2.150 

• 200... 58.9 

500.. . 147 

1,000... 294 


A-C Impedance 
D-C Resistance 


. *92 . 

. 76 . 

. 51 . 

. 74 . 

. 60 . 

. 33.4. 

. 29.6. 

. 23.4. 

. 24.7. 

. 15.1. 

. 16.2. 

.025 . 

.352 . 

. 213 . 

.528 . 

.329 . 

.204 . 

. 511 . 

. 317 . 

,197 . 

, 435 

285 . 

186 . 

,285 . 

326 . 

330 . 

358 . 

262 . 

234 . 

212 . 

182 . 

157 . 

160 . 

142 . 

129 . 

117 . 

108 . 

99 . 

93.5 . 

87.5 . 

81.5 . 

76.5 . 

73.0. 

69.0. 

60.0. 

63.5 . 

57.0.. 

55.0. 

46.3. 

256 . 

193 . 

141 . 


Table II. Effect of Riveted Joints on the 
Impedance of Structural Columns 


Column 

Number 

Area,* 

Square 

Inches 

Current 

Density 

Ratio of 
Impedances 
of Joint to 
Column 

SSI.... 

.... 85.4.. 

....13.8 .. 


.1.07 

SS4 .... 


25.0 .. 


.1.01 

... 85.4.. 

... .13.2 .. 


.1.00 



25.0 .. 


.1.03 

GS0.... 

...108.1.. 

...13.4 .. 


.2.30 

G53.. .. 


24.0 .. 


.2.56 

...108.1.. 

.. .13.6 .. 


.2.28 

GST.... 


24.4 .. 


.2.34 

...108.1.. 

...12.0 .. 


.2.33 



21.8 .. 


.2.32 

G60. ... 

.. .108.1.. 

13 3 


2 25 



24.3 .. 


' 2.20 

S48 . 

...166 .. 

... 8.10.. 


.1.30 



15.2 .. 


.1.25 

SS6. ... 

...166 .. 

... 7.21.. 


.1.45 



13.7 .. 


.1.42 

152 . 

...208.9.. 

... 6.23.. 


.1.70 



11.7 .. 


.1.54 

155 . 

...208.9.. 

... 6.49.. 


.1.57 



11.7 .. 


.1.41 

158 . 

...208.8.. 

- 5.94.. 


.1.68 



10.6 .. 


.1.60 


♦On columns average voltage on four sides divided by current and proper constants. 


♦Cross-sectional area of column at joint. 


of conduit and three different types of 
joint sealer. The impedance figures in 
this table indicate that: 

1. If the joints are properly threaded or 
have the threads cut deeply enough to run 
the coupling on by hand, the final joint will 
be satisfactory, provided the ends of the 
conduit are firmly butted together. 

2. As long as the conduit ends are touch¬ 
ing, very little current passes through the 
coupling. Therefore, the impedance of the 
joint is practically the same as the straight 
conduit and is unaffected by the type of 
sealer used. 

Conduit Voltage Changed by Path 
of Current 


by steel plates spanning the joint and 
are either riveted or welded to the mem¬ 
ber on both sides of the joint. Table II 
shows the results of tests made on riveted 
joints in the vertical columns of the boiler 
and turbine rooms of a large steam gen¬ 
erating station. The procedure of erect¬ 
ing the structure made it impossible to 
take measurements on a completely 
riveted joint that was not tied in with the 
rest of the structure overhead. The re¬ 
sult was that some of the test current fol¬ 
lowed a longer but parallel path through 
the building instead of going across the 
joint. However, measurements of the 
voltage drop on a 2-foot length of the 
flange outside of the current leads indi¬ 
cated this parallel current to be less t ha n 
10 per cent of the test current. The last 
column in Table II gives the ratio of im¬ 
pedances of a riveted joint to a solid 
column of the same shape and cross-sec¬ 


tional area. The results are quite con¬ 
sistent and indicate that the impedance 
of the joints are not significantly higher 
than the continuous columns. 

Table III gives the results of tests made 
on conduit couplings with various sizes 


To learn more about the performance 
of iron circuits carrying current, the path 
of the current relative to the conduit was 
changed. As indicated in Fig. 4, a 2- 
foot voltage drop on the outside surface 
of the pipe was measured with three dif¬ 
ferent types of current flow. The first 
condition, similar to previous conduit 


Tabic III. Impedance of Conduit Couplings with Various Sealers Compared to Straight Conduit 

at 1,000 Amperes, 60 Cycles 


Conduit Size 


Straight Conduit, 
Microhms per 
Foot at 1,000 
Amperes 


Type of Joint Sealer, Microhms per Foot at 1,000 
_Amperes 


l l A inches.'202 !'. 

I 1 /* inches.199 ’' 

l 1 /* inches with loose threads. 176 ., 

2 inches..jgg 

2 inches with loose threads. 185 ,, 

3 inches... 


No Sealer 

Red Lead 

Zinc 

Chromate 

No Oxide 
Grease 

..214 _ 

...206 .... 

....214 .... 

.216 

..202 .... 

...200 .... 

....207 .... 

.208 

..192 .... 

...194 .... 

....197 .... 

.205 

..185 .... 

...178 .... 

...184 .... 

.185 

..188 .... 

...185 .... 

.... 188 .... 

.188 

..192 _ 

...185 .... 

.... 188 .... 

.187 

..232*.... 

...204*_ 

....200* 




192_ 

.178 

...142 _ 

....142 .... 

....142 _ 

.142 


♦Coupling was too small to permit the ends of the conduits to meet. 
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5- 3 AND 4 INCH CONDUIT 

6- 8 INCH I BEAM 

7- I, I'A , I i/s , AND 2 INCH CONDUIT 


tests, carried the current out on the con¬ 
duit and provided a remote return. The 
second setup carried the current out on a 
3/4-inch copper tube inside, but insulated 
from the conduit with a remote return. 
The third setup carried the current out. 
as in the second case, but returned on 
the conduit. The results of these tests 
appear in Table IV. These results indi¬ 
cate that the current on the outer surface 
of the conduit is the same in the first and 


2. With the second condition, the current 
flows in both inner and outer surfaces of the 
conduit and the impedance of the circuit is 
approximately equal to twice the conduit 
impedance. 

3. With the third condition, the current in 
the outer surface of the conduit induced by 
the copper tube inside the pipe is cancelled 
by current returning on the conduit and the 
resultant conduit current, therefore, is on 
the inner surface of the conduit. The im¬ 
pedance of this circuit is approximately 
equal to the conduit impedance. 

Induced Voltages on Conductors 
in Conduits Carrying Fault 
Current 


second cases and is zero in the third case. 
These results confirm the results obtained 
in reference 1. Reference 1 also provides 
a good explanation of these results as 
follows: 


If conduits are used to carry ground 
currents during faults, the effect of these 
ground currents on control conductors 
should be determined. This condition 


1. With the first condition, the current 
flows only in the outer surface of the conduit 
and the impedance of the circuit is approxi¬ 
mately equal to the conduit impedance. 


Table IV. Voltage Drop Along the Outer 
Surface of a 3-Inch Conduit for Different Types 
of Current Circuits 



Millivolt Drop on 2-Foot Surface 

Current, 

Amperes 

Current on 
Conduit, 
Return 
Remote 

Current 

inside 

Conduit, 

Return 

Remote 

Current 
inside 
Conduit, 
Return on 
Conduit 

100... 

.... 65.2... 

... 71.8 


200... 

.... 132 ... 

...120 ... 

.0 

400... 

-210 ... 


.0 

600... 

....255 ... 

...217 ... 

.0 

800... 

-291 ... 


.o 

1,000... 

....314 ... 


.0 

1,200... 

_342 ... 

.. 330 . . 

0-1- 

1,400... 

....362 ... 


.0.3 

1,600... 

_374 . . 


. O 3 

1,800... 


388 

. 0 fi 

2,000... 

....399 ... 


.0.6 

2.200... 

_411 ... 


. . 0 9 

2,320... 


. 1.427 


2,400... 

....419 ... 

.1.1 

2,600... 

...425 ... 


.1.1 

2,800... 

....430 ... 


.1.4 

3,000... 

_439 . .. 


.2.0 

3,200... 

-442 ... 


.2.0 

3,400.. 

_448 ... 


.2.8 

3,600... 

....450 ... 


.3.4 


was set up experimentally on 30-feet of 
a 3-inch conduit, as shown in Fig. 5. 
The various voltages measured are shown 
in Table V. The results of this test indi¬ 
cate that while appreciable voltages ap¬ 
pear along the conduit a similar voltage is 
induced on the control conductor in the 
conduit. Therefore, if the control cable 
is connected to the conduit at one end, 

Table V. Induced Voltages on a Conductor 
in a Conduit Carrying Current* 

Current 

on V 

Conduit, Vi, V*. V., Pipe.f (V s /V p ) XI00, 

Amperes Volts Volts Volts Volts Per Cent 


100. 

.1 

16. 

.1.16 

.0+ . 

.0.95 


200. 

.2 

20. 

.2.20. 

.0+ . 

.1.92 


400. 

.3 

55. 

.3.50. 

.0.02. 

.3.04.. 

....0.86 

600. 

.4 

60. 

.4.52 

.0.03. 

.3.70.. 

....0.81 

800. 

.5 

70. 

.5.62. 

.0.Q5. 

.4.22.. 

....1.19 

1,000. 

.6 

60. 

.6.55. 

.0.07. 

.4.55.. 

_1.54 

1,200. 

.7 

46. 

.7.35. 

.0.10. 

.4.96.. 

....2.02 

1,400. 

.8 

40. 

.8.30. 

.0.13. 

.5.25.. 

....2.48 


♦See Fig. 5 for diagram of connections. 

•fThis voltage is obtained by multiplying the imped¬ 
ance of a 3-inch conduit in column 6 of Table I by 
the length of 29 feet and the proper current. Since 
the data in Table I were obtained using shielded 
voltage leads, this voltage is not affected by stray 
flux. 




the voltage between conduit and con¬ 
ductor at the other end will only be a 
small percentage of the total drop along 
the conduit. The neutralizing effect of 
the conduit will be decreased as the sat¬ 
uration of the iron is increased. In this 
respect, the data are limited to a current 
of 1,400 amperes on 3-inch conduit or a 
density of 606 amperes per square inch. 


Conclusions 

1. By means of the curves of Fig. 3, the 
impedances of various iron conductors may 
be determined for fault and protective 
grounding calculations. 

2. The data indicate that the impedance of 
joints in these iron structures may be 
neglected. 

3. If conduits are used as grounding con¬ 
ductors, potential gradients resulting from 
fault currents will be neutralized on control 
conductors in these conduits. 

Appendix. Example of Fault 
Calculation 


An example of a fault calculation using 
the curves in Fig. 3. What voltage will 
appear along 10 feet of a 36-square-inch 
column if it is carrying the total available 
short-circuit current of a 480-volt load 
center of 18,000 amperes? 

The resistivity of iron is 6.79 microhms 
per 1-inch cube. 


D-c resistance 


6.79X12X10 

36 


= 22.6 


microhms 



Fig. 5. Induced voltage on control conductor 
on conduit carrying current 


January 1955 


Mackenzie—Voltage Measurements on Iron Conductors 


579 















































Current density = —=500 amperes 
per square inch 

From curve of Fig. 3 a ~° impedance _ ^ 
d-c resistance 

A-c impedance =22.6X5 = 113 microhms 
Alternating voltage = 18,000 X113 X10 

= 2.4 volts 


Reference 


1. Iron Conduit Impedance Effects in Ground 
^V£o I ^ S ystbms - A ‘ J- Bisson, E. A. Rochau. 
104-07 TransacHons > vo1 - 73 > P*- II. July 1954, pp. 




Discussion 

William Deans (I-T-E Circuit Breaker Com¬ 
pany, Philadelphia, Pa.): I would like to 
know whether impedance or something ap¬ 
proaching a-c resistance of the conductor is 
found by the method described. By the 
apparatus shown in Fig. 2, the effect upon 
the measured voltage drop of magnetic flux 
caused by current in the conductor is sub¬ 
stantially eliminated. It is this magnetic 
flux that gives rise to the reactive com¬ 
ponent of the impedance drop. This leaves 
only the a-c resistance component. 

Details of the argument are as follows: In 
this argument, it is assumed that the cur¬ 
rent in the voltmeter circuit is so small as 
to be negligible. 


some of the magnetic flux caused by the cur¬ 
rent will pass through the loop and some 
part of the reactive drop will be included in 
the voltmeter reading. To include all of 
the reactance drop, i.e., to have the volt¬ 
meter read the whole impedance drop, wire 
A'B' must be “at infinite distance” from 
filament AB and connections A A' and BB' 
must be very long and perpendicular to 
filament AB. 

The angle iron of Fig. 2 shunts flux to the 
outside which otherwise would pass through 
the loop. In effect, it brings the measuring 
wire closer to the conductor. It, therefore, 
serves to reduce the effect on the voltmeter 
of the reactive drop. Incidentally, it mat¬ 
ters not whether the twisted pair to the volt¬ 
meter is taken from the center, either end, 
or any other place in the measuring wire. 

It appears that by the author's method, 
the total impedance has not been meas¬ 
ured but, instead, something which closely 
approximates the a-c resistance. 

The curves of Fig. 3 of the paper are con¬ 
sistent with this analysis. Stated briefly, 
the argument is as follows. 

The conductors are of magnetic material 
and, therefore, subject to saturation. Be¬ 
cause of nonuniform current density over 
the cross section, saturation varies also over 
the cross section. As saturation increases, 
the skin effect behavior of the conductor ap¬ 
proaches that of a conductor of nonmag¬ 
netic material. The skin effect ratio im¬ 
proves, i.e., Ra-e/Rd-o decreases. So it is 
to be expected that, as current density and, 
therefore, saturation increase, the a-c resist¬ 
ance decreases. 


In Fig. 6 A and B are two points on the 
same stream line of current flow in conduc¬ 
tor C. Points A and B are connected to the 
voltmeter V M ' by wire A’B' parallel and 
close to current filament AB and by a 
twisted pair of wires. The voltmeter there¬ 
fore measures the voltage loop in BAA'B'B. 

Consider first the extreme case, where 
wire A'B' and current filament AB are 
coincident. The magnetic field caused by 
the current in conductor C affects wire A'B' 
and current filament AB in exactly the same 
way. That is, voltages AB and A'B' due 
to this flux are identical; they are equal and 
in phase in the stated directions. The volt¬ 
meter sees the voltage in the loop; it there¬ 
fore sees voltage AB minus voltage A'B'. 
Now, voltage AB is the phasor sum of the 
a-c resistance drop and the reactance drop. 
And the reactive drop is produced by the 
magnetic flux in conductor C and is equal to 
voltage A'B'. The voltmeter reading is 
therefore the impedance drop minus (phas- 
orially) the reactive drop in the conductor; 
it is the a-c resistance drop. 

As wire AB is displaced from filament AB, 


Fig. 6 



L. E. Rinker (Leupold and Stevens Instru¬ 
ments, Inc., Portland, Oreg.): Study of 
the curves shown in Fig. 3 appears to estab¬ 
lish a relationship between the area of the 
conductor and the character of the curve. 
Curve 3, however, appears to depart from 
the trend shown on all the other curves. 
Six of the curves would appear to have inflec¬ 
tion points flowing between 30 and 100 am¬ 
peres per square inch. The inflection point 
for curve 3 obviously is very much lower. 
I wonder if one curve cannot be constructed 
which would be sufficiently accurate for all 
practical purposes as applying to all iron 
conductors, regardless of size or shape. 
Curve 5 probably is representative for this 
universal application. I suspect that curves 
1, 2, and 3 are in error because of the method 
of obtaining the d-c resistance when conduct¬ 
ing the tests. 

It would be entirely possible to measure 
the resistance directly opposite each other 
in the structural member. It is quite ap¬ 
parent also that no relationship could be 
established between this d-c resistance and 
the a-c impedance offered to a current flow¬ 
ing longitudinally in the structural member. 
As the points of resistance measurement are 
displaced longitudinally a current-imped¬ 
ance drop will occur and it will be possible 
to establish a relationship between the d-c 
resistance and the a-c impedance for that 
particular structural member. For a large 
cross-section area conductors, the measure¬ 
ment points should be a long way apart to 
obtain accuracy. A 3-inch conduit has a 
cross-section area of approximately 1 square 
inch and curve 5 was constructed from data 
where the points were 2 feet apart. If the 
points of measurement for the structural 


column of 206 square inches, shown in Fig. 
3, had been made in like proportion, the 
points of measurement should have been dis¬ 
placed longitudinally about 400 feet apart. 
It is believed that the test data for the 206- 
square-inch column would then have re¬ 
sulted in a curve similar to Fig. 5. 

The data presented are for one specific 
case, i.e., resistance measurements taken at 
points displaced longitudinally 2 feet apart 
and, therefore, all problems should be set up 
using this limitation. The example given in 
the Appendix should then be revised to ob¬ 
tain the d-c resistance at points 2 feet apart 
and by proper usage of the curves a voltage 
calculation should be obtained. For the 
alternating voltage at points 10 feet apart, 
this value should then be multiplied by 5. 
It undoubtedly will differ from the 2.4 volts 
cited. 

Conclusions 2 and 3 should be of particu¬ 
lar interest to the profession. 


W. F. Mackenzie: I wish to thank the 
discussers for their interest in the paper. 
The question raised by Mr. Deans is a good 
one as it brings out a point not indicated in 
the paper. The substance of his argument 
is entirely correct, although I feel that his 
conclusion needs some clarification. 

For the purpose of this analysis, the total 
impedance of a magnetic conductor will be 
divided into three parts: 

1. The a-c resistance. 

2- The reactance resulting from flux pres¬ 
ent inside the surface of the magnetic con¬ 
ductor. 

3. The reactance resulting from flux pres¬ 
ent outside the surface of the magnetic con¬ 
ductor. 

As Mr. Deans points out, the third part 
of the total impedance is eliminated by 
using the angle-iron shield. The total im¬ 
pedance may be measured by bringing the 
voltage lead away from the specimen per¬ 
pendicular to its axis. 

Stated simply, the impedance measured 
in the paper and indicated in the curves of 
Fig. 3 is the phasor sum of the a-c resistance 
and the internal reactance. 

Experimental values of total impedance, 
although just as easy to obtain, do not lend 
themselves to a general application because 
the external impedance depends entirely on 
the geometry of the circuit. The external 
impedance for simple configurations may 
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be calculated from classical equations. 

If the application requires the addition of 
the external impedance, the question of the 
phase angle at which to add it arises. Re¬ 
ferring to the data on 3-inch conduit con¬ 
tained in reference 1, the resistance and 
reactance components of total impedance 
are presented for current values of 250, 500, 
and 1,000 amperes. From the dimensions 
given for the test circuit in this reference, the 
external reactance may be calculated to be 
72 microhms per foot. A subtraction of this 
reactance from the total reactance will give 
the internal reactance. The phasor sum of 
the resistance and internal reactance com¬ 
ponents yields an impedance whose phase 


angle is practically constant at 30 degrees 
for the three current values of 250, 500, 
and 1,000 amperes. In Fig. 7, an external 
reactance of 72 microhms per foot is added 
to curve 5 of Fig. 3 to produce curve 8. 

For a particular application, if the ex¬ 
ternal reactance differs markedly from the 
arbitrary value of 72 microhms per foot, the 
total impedance may be obtained either by 
interpolation between curves 5 and 8 or by 
vector addition of the external reactance to 
the impedance of curve 6 taken at a phase 
angle of 30 degrees. 

As indicated by Mr. Rinker,curve 5 seems 
to be representative for a general applica¬ 
tion and accordingly curve 8, including a 


correction for external reactance, is based 
on it. By the same method employed in 
the Appendix, the external reactance will 
increase the impedance and, therefore, for 
general application, the ratio taken from 
curve 8 will be 6. 

In answer to Mr. Rinker's question on the 
d-c resistance measurement for the large 
columns, these figures were not obtained by 
measurement but were computed from an 
assumed resistivity of 6.79 microhms per 1- 
inch cube. However, rthe small longitudinal 
distance as compared with the large cross- 
sectional area of the columns undoubtedly 
does contribute in some manner to the ap¬ 
parent errors in curves 1, 2, and 3 of Fig. 3. 


Techniques for Measuring Cascaded 
Self-Saturating Magnetic-Amplifier 
Performance 


HENRY KAPLAN 

NONMEMBER AIEE 

T HE rapid development of magnetic 
amplifiers in recent years has led to 
the spending of much effort on their 
analysis and design criteria. Despite the 
progress made, a major part of the design 
must still be carried out experimentally. 

Determination of amplifier perform¬ 
ance by the ammeter, voltmeter, and 
wattmeter methods becomes difficult 
since almost all current and voltage wave 
shapes encountered are nonsinusoidal. 
Moreover, the effects of changes in 
various circuit parameters are not easy to 
analyze. These difficulties are especially 
apparent in the half-wave bridge-type cir¬ 
cuits where three or four stages may be 
cascaded, and the signals after the first 
stage are nonsinusoidal. This paper pre¬ 
sents experimental techniques which 
utilize the basic concept of core flux den¬ 
sity for determining magnetic-amplifier 
performance. 

Core Flux Density as a Measure of 
Magnetic-Amplifier Performance 

Flux density in the core may be con¬ 
sidered as the fundamental quantity in a 
magnetic amplifier, since it directly de¬ 
termines the magnitude of the output. A 
brief derivation of this relationship will 
be found at the end of this section. 
Several authors 1-3 have discussed flux 
density measurements in the course of 
determining dynamic flux loops and con- 
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GERALD WOLFF - 

ASSOCIATE MEMBER AIEE 

trol characteristics. However, rather 
elaborate equipment and precise calibra¬ 
tion techniques are required, and the re¬ 
sults cannot be readily applied as per¬ 
formance criteria. 

Fig. 1 shows dynamic hysteresis loops 
for various control signals. Bj is the 
“firing” flux density, 4 and for rectangular 
core materials may be assumed to coin¬ 
cide with the saturation flux density. 
For less rectangular core materials, such 
as permalloy, J B f will be slightly lower. 
J3o is the value of flux density at the time 
to, i.e., when the supply voltage passes 
through zero just preceding the conduct¬ 
ing half-cycle. Bo varies from the mini¬ 
mum value of the loop for d-c control to 
the intersection of the loop with the B- 
axis (Fig. 1) for control signals applied 
only during the nonconducting cycle. 
The net change of flux density in a core 
caused by a given control signal is ex¬ 
pressed by Bf—Bo. This quantity, or tire 
more useful nondimensional ratio Bo/B f , 
may be obtained experimentally. One 
method is that of reference 4, which as¬ 
sumes rectangular core material, perfect 
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rectifiers, sinusoidal applied voltage, and 
load resistance small compared to un¬ 
saturated coil reactance but large com¬ 
pared to saturated coil reactance. 

Using this method, an expression for 
Bo/Bf may be derived as follows 

, . 

Em sin ut = N — 10~ 8 (1) 

at 

&f—$o= I (,E m 10P/caN)(l — cos 0/) (2) 

Bf-Bo^iEmlOt/uNAXl-cosef) (3) 
Bo/Bf =1 -(Eml(P/ u NBfA)(l -cos 0/) (4) 
Bo/Bf = 1 — JT( 1 ■— cos Of) (5) 

where 

core flux at saturation (firing) 

=core flux at time to 
Em = maximum value of supply voltage 
Of =firing angle 

A = cross-sectional area of core 

N =number of turns on anode winding 

K=Eml0*/aNBfA. 

B f A or <f> f may be determined by 
measuring the rms voltage E just suffi¬ 
cient to saturate the core wound with N 


B 



Fig. 1. Typical major and minor dynamic- 
hysteresis loops for rectangular-type core 
materials 
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CONTROL VOLTAGE 


Fig. 2 (left). 
Circuit for obtain¬ 
ing Bo/Bf by fir- Jff 
ing angle method 
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turns. Thus BfA—— --—, where/is 

(4.444/) i\T J 

the frequency of the applied voltage. 
The firing angle (d f ) is measured with the 
aid of an oscilloscope and a marker-spot 
generator, (Fig. 2), the phase of which can 
be continuously shifted and accurately 
calibrated. By viewing the voltage 
across the load and injecting the marker 
spot on the 3-axis of the oscilloscope, the 
angle at which firing takes place can be 
easily measured by shifting the marker 
spot from the predetermined zero to the 
firing point, which is well defined for rec¬ 
tangular core materials. Fig. 3 shows a 
typical oscilloscope pattern. The marker 
spot is at the zero point. 

It may be stated that the output of a 
magnetic amplifier utilizing square-loop 
core material is directly proportional to 
the area under the load voltage curve 
from the firing point to extinction. B 0 /B f 
can be related to this area, and therefore 
to the output, as follows 


sin 6 dd 


1 f' . 

I si 

a Je f 


’—5- (l-f-cos 0f) 

to 


Combining with equation 5 


In normal design, K- 1. Therefore 
■Bo to 

Area-1 

■O/ Xfim 

Alternate Method of Determining 
Bo/B/ 

The preceding method is limited by the 
need for certain ideal characteristics to 
which practical magnetic amplifiers sel¬ 
dom conform. Therefore, it is necessary 
to find a value of Bo/Bf which is valid for 
actual circuit conditions. Fig. 4 shows 
the half-wave circuit of Fig. 2, modified to 
include a small “pick-off” coil whose sig¬ 
nal is integrated and amplified. The fol¬ 
lowing symbols are used to derive an ex¬ 
pression for Bo/Bf, 

•Ew sin supply voltage 


_EjpSiN«>t Fig. 3 (right). Os¬ 
cillogram of out¬ 
put wave form as 
used in determi¬ 
nation of firing 
angle 


N =number of turns in anode winding 
Ni =number of turns in integrator pick-off 
coil 

4>(0 =flux in core 

$/= core flux at saturation 

#o=core flux at time t 0 

= average value of core flux 
Bf =core flux density at saturation 
l?o—core flux density at time t 0 
ei(t) = instantaneous input voltage to in¬ 
tegrator amplifier 

eo(t) = instantaneous output voltage of in¬ 
tegrator amplifier 

If'“constant of integrator amplifier 
T= period for one cycle of supply voltage 
A = cross-sectional-area of core 

Bo/Bf can now be derived as follows 
^(f) = #<~^T0-8 



series expansion it is possible to show that 

1 rh+T r> 

dl'J ei (t)dt=0 


Therefore, since eo (t)~K'ei(t)di, with 
the constant of integration eliminated by 
the a-c characteristic of the integrator, 
the average value of e Q (t) in the steady 
state is also equal to zero. Then 




eiiOdt^K'Nil O' 


‘-"•X 


dt 


=iv<[«(/i+r)-^ i )]io-» (7) 
Dividing by T 

1 rh+T 

j. I ei(t)dt** 

(tf</7 , )K*i+r)-<i.(* I )]io- s (8) 

but in the steady state 

Sto+TXKO 

and 


The average value of e t (t) in the steady 
state is thus equal to zero. By a Fourier 


-Jf'lVflO-*[$>(*)+£] 


1 rOi+T) 

-J eLdW-OC'Ni lo-ynx 

r(h+r) 

J *(t)dt+K'NilO-*C (12) 



therefore 
1 r(‘ i+r) 

0=-J *(t)dt+C (13, 

C— —& A or average flux in core 

* 0 (0=ifwao- i W)-4u] ( 14 ; 

*(l)-*(t)/K'Nt 10-*+fu (15; 

at the time to 

4K0 = [eoOoVif'iVilO-*] -f-4u 
Also 

«>/ - [e 0 m(t)/K'N t \0 -*] -1- * A 

where e om (t) is the maximum instan- 
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Fig. 4. Circuit for obtaining Bo/Bf by flux-density change method 
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taneous integrator output voltage for a 
given control signal. Thus 




e o(to) ~ e om (t) 
K'NtlO-* 


(16) 


Fig. 5 (left). 
Circuit of a mag¬ 
netic - amplifier 
perform ance 
analyzer 


Fig. 6 (right)- 
Oscillograms of 
flux density varia¬ 
tion in core of a 
half-wave self- 
saturating circuit 

A—With no con¬ 
trol 

B—With full con¬ 
trol 





Cq(M Cortijt) 

K’NiAlO 


Bu/Bf—1 — 


e o(to) e om(t) 

K'NiBfAlQ 


B 0 /B f =l-K"Ae 


where 


(17) 

( 18 ) 
(19) 


K'**lW/K'NiB f A 

Ae*=eo(ti,)—e om (t) 

B/A may be determined as in the pre¬ 
vious method, and K r and are known 
constants. Therefore the only quantity 
to be obtained experimentally is Ae. 
Since this is the difference between two in¬ 
stantaneous values of the integrator out¬ 
put voltage at defined points of 1 cycle, 
the value of Ae is found by viewing the 
output wave form of the integrator on a 
calibrated oscilloscope and measuring 
the amplitude difference between e 0 (4) 
and eom(t). e om (t) is the maximum value 
of the wave form and e 0 (t 0 ) is indicated by 
the marker-spot generator when set at t 0 
on the time base. 

In most cases e 0 (to) is so dose to the 
minimum value of the wave form that a 
peak-to-peak reading meter may be sub¬ 
stituted for the osdlloscope and Ae read 
directly. A schematic for an instrument 
utilizing such a meter is shown in Fig. 5. 
This self-contained, direct-reading unit 
eliminates the need for a calibrated os¬ 
cilloscope and is much more sensitive to 
low-level voltage difference readings. 
The output of the integrator amplifier is 
passed through a d-c restorer and then 
rectified. The zero-adjust is set so that 
there is no deflection of the center-reading 
meter pointer. The voltmeter reads the 
Ae for this signal level. As the signal is 
varied, the change in Ae is measured by 
the center-reading meter. 

If the control signal is such as to cause 
current flow in the load circuit during 


some part of the reset cycle, e 0 (io) may 
differ enough from the minimum value to 
require a correction in the meter readings 
if high accuracy is desired. However, 
this is never a desirable mode of opera¬ 
tion. For a continuous picture of what 
is taking place in a core, the oscilloscope 
remains the ideal device. Fig. 6(A) and 
(B) are typical traces of the flux-density 
levels at fully saturated and unsaturated 
conditions, respectively. 

An experimental verification of this 
method is demonstrated by the graphs of 
Fig. 7. By the use of vacuum-tube recti¬ 
fiers, sinusoidal input, and high ratio of 
unsaturated coil impedance to load resist¬ 
ance, the ideal conditions for the firing- 
angle method were approximated. B 0 /B f 
was obtained for various circuit param¬ 
eters in accordance with the two meth¬ 
ods outlined. The resulting plots (Fig. 6) 
show that there is a close correlation. As 
would be expected, the values of Bo/B f 
as calculated by the firing-angle method 
are slightly greater, since the core ac¬ 
tually “fires” at a flux-density level which 
is somewhat less than saturation. 

Definition of Gain 

While curves such as those of Fig. 6 are 
often useful, being the actual dynamic 
characteristics for d-c control, it is in 
systems where several amplifiers are cas¬ 
caded that the utility of a quick and easy 
method of measuring Bo becomes most 
useful. At the present writing, the gain 
of a magnetic amplifier stage in a cas¬ 
caded system is still undefined. Gains 
have been given in terms of power or of 
average rms, or peak values of current or 
voltage. For various special conditions 
the use of any one of these quantities may 
give adequate results, but a more accurate 
and universal definition of gain is sug¬ 
gested by the fundamental quantity of the 


magnetic amplifier, the core flux density. 
In cascaded stages, the flux-density 
change in a core is caused by the flux- 
density change in the core of the previous 
stage. Formalizing this fact, the gain G 
between two stages may be expressed as 

LA) 

\ Bf/ stage 2 Ae 2 —Ae\ Bf A 

/ .S(/\ Aei—Ad' BjA 

\ / stage 1 

If the cores in both stages under con¬ 
sideration are identical, the gain becomes 


Ae 2 —Ae 

Ae 2 —Aei 



-FLUX DENSITY CHANGE METHOD 

A- CORE NO. 4168 (ARNOLD) 

0.0(0-INCH THICK DELTAMAX 

B- CORE NO. 463S (ARNOLD) 
0.010-INCH THICK DELTAMAX 


Fig. 7. Curves of Bo/Br versus control mag¬ 
netization as obtained by flring-angle and 
flux-density methods 
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For a specified signal, numerator and 
denominator can each be determined by a 
single reading of the peak-to-peak reading 
meter mentioned previously. Thus the 
gains of all but the final stage are quickly 
determined for any signal level. At the 
same time one may immediately note 
whether a core is utilized fully over the 
whole range, whether it is biased correctly, 
and what the effect of circuit parameter 
changes are as they take place. 

Design Considerations 

If the criterion of 23 0 as a measure of 
gain is used, the design approach to 
vacuum-tube amplifiers and magnetic am¬ 
plifiers becomes analogous. Vacuum- 
tube amplifiers are commonly divided 
into three distinct parts, input stage, volt¬ 
age amplifier, and output stage, based on 
the fact that the vacuum tube is essen¬ 
tially a voltage-amplifying device. Simi¬ 
larly, a cascaded magnetic amplifier may 
be divided as follows: input stage B 0 am¬ 
plifier, output stage. 

In general, each part requires a dif¬ 
ferent design approach. The design of 
the input stage is usually determined by 


time-constant considerations, and would 
consequently be a function of source im¬ 
pedance. The wave forms encountered 
in the first stage are usually either d-c 
or sinusoidal and therefore calculations 
with regard to input stage operation can 
be made with a fair degree of accuracy. 

The design of the output stage is 
governed by the load and power require¬ 
ments. From these it is possible to cal¬ 
culate the maximum flux density change 
in the output core. 

Thus, with an input stage designed and 
Bo known for the given output specifica¬ 
tions, the gain requirement of the B 0 
amplifier is determined. By using the 
techniques discussed in this paper, gain 
characteristics of the Bo amplifier stages 
can be obtained by direct measurement, 
thereby allowing the designer a rapid 
check on the adequacy of his design, the 
amplification of each stage, and the ef¬ 
fects of various circuit changes. 

Summary 

An experimental procedure for the 
analysis of the performance of cascaded 
self-saturated magnetic amplifiers has 


been presented. Flux density in a core 
is considered as the basic criterion and a 
simple method for easily measuring flux- 
density levels and changes has been 
derived. A definition was suggested of 
gain per stage, with the use of flux density 
as a parameter, whereby the difficulties 
inherent in the use of nonsinusoidal volt¬ 
ages and currents could be avoided. 

While practical applications have been 
emphasized, it is felt that observation of 
the flux-density variations can be of 
much aid not only in the improving and 
developing operating circuits but also in 
obtaining a better understanding of the 
fundamentals of magnetic amplifier action. 
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The Biased Rectifier Amplifier— 
A Pulse Magnetic Amplifier 

R. E. MORGAN 

MEMBER AIEE 


T HE biased rectifier amplifier (BRA) 
was developed to provide small, fast 
and high-gain magnetic amplifiers which 
operate from power frequencies such as 
60 or 400 cycles. They operate from a 
pulse power supply and use a voltage 
source, such as a battery, in series with its 
rectifiers. They provide push-pull out¬ 
put with one core. 

The BRA. reduces the minimum reac¬ 
tor size for a 60-cyde push-pull magnetic 
amplifier stage to a small fraction of a 
cubic inch; see Fig. 1. The minimum 
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reactor size of a conventional magnetic 
amplifier is limited in most applications 
by a minimum wire size of about 0.002 
inch diameter and a minimum supply 
voltage of about six volts rms (8.5 volts 
peak). A peak supply voltage E p of 
more than 8.5 volts is usually used so that 
it will be much larger than the rectifier 
forward voltage drop ^ of about 1 volt. 
The pulse power supply provides a peak 
voltage Ep of more than 10 volts and yet - 
the supply voltage averaged over a half¬ 
cycle is less than 0.001 volt. Pulse 
lengths of less than 3 microseconds and 
over 10 milliseconds have been used. 
The most commonly used pulse length is 
from 20 to 200 microseconds. The pulse 
repetition is commonly equal to the sine- 
wave frequency, which may be any fre¬ 
quency satisfactory for magnetic ampli¬ 


fiers. The BRA can provide push-pull 
output with one core and one gate wind¬ 
ing (power winding) or provide full-wave 
output with one core and one gate wind¬ 
ing, whereas normally two cores are re¬ 
quired. The pulse power supply 1 is mag¬ 
netic, using saturable reactors, or trans¬ 
formers, about the size of the minimum 
size reactor for conventional magnetic 
amplifiers. One pulse supply can service 
many BRA stages or amplifiers. 

The BRA is a magnetic amplifier for 
amplifying control-type signals from 
about 10“ 12 to 10 -3 watt. The BRA has 



Fig. 1. BRA reactor for push-pull output at 
60 or 400 cycles 
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Fig. 2. Half-wave BRA 



A—Circuit 
B—Wave shape 
C—Hysteresis loop 
D—Transfer characteristics 

E and F—Equivalent circuit between t 3 and U with and without e tt 


Fig. 3. Push-pull output 

A—BRA push-pull circuit 

B and C—Simplified magnetization curve without a-c bias with U^O 
and le at V* y>»+ respectively 
D—Hysteresis loop with a-c bias 



similar gain and speed of response and 
uses the same core materials as conven¬ 
tional magnetic amplifiers. 2 The small 
reactor, Fig. 1, makes the BRA ideal for 
half-cycle response time per stage. The 
efficiency of its power supply, about 10 
per cent, makes the BRA undesirable for 
outputs greater than 1 watt. This paper 
describes only a few of the many possible 
circuits for the BRA. Flux and ampere 
turns are normally used in this paper to 
simplify the discussion since no specific 
core dimensions are discussed. 

General Description of the BRA 

The BRA is basically a self-saturating 
magnetic amplifier using a single mag¬ 
netic circuit. In contradiction to conven¬ 
tional magnetic amplifiers, it provides 
controlled output on both positive and 
negative power pulses. 

Consider the BRA circuit in Fig. 2(A). 
Voltage wave shapes are shown in Fig. 
2(B) with circled numbers. These num¬ 
bers relate time and are referred to as h, 
k, h, etc., meaning the instant of time 
at the circled numbers 1, 2, 3, etc. Flux 
resets between k and U; see Fig. 2(C). 
For the purpose of this paper, flux reset 
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is defined as setting up the flux level in the 
reactor core in the unsaturated region. 
The signal current, or bias, determines 
the flux change A<f> during flux reset. 
The flux is almost reset by k. A small 
flux change occurs between U and h but 
is negligible compared to between 4 
and h. 

Controlled output e L Fig. 2(B), is pro¬ 
duced between t\ and 4- The gate wind¬ 
ing voltage e„ and the load divide the 
power pulse e. The portion of e taken 
by e„ is determined by the flux change be¬ 
tween h and ta which is equal to the flux 
change during flux reset. A transfer 
characteristic is produced similar to that 
in Fig. 2(D). Point a in Figs. 2(C) and 
2(D) marks I L + and flux level after flux 
reset to correspond with e L of Fig. 2(B). 

If the rectifier bias e b , Fig. 2(A), were 
omitted, flux could not reset between 4 
and U. The equivalent circuit is shown 
in Fig. 2(E). A very small flux change 
induces current i L which produces am¬ 
pere-turns i L N g sufficient to almost equal 
the control i 0 N e . i L N e oppose i c N c and 
almost cancel the effect of the control. 
This results in negligible flux change (ex¬ 
cept in very small reactors) between 4 
and U. The rectifier bias e b permits flux 


reset between 4 and U. The equivalent 
circuit, Fig. 2(F), has e b to hold the recti¬ 
fier blocking. No current, assuming a 
perfect rectifier, can flow through N a 
as long as e g is less than e b . The biased 
rectifier permits flux reset to any level 
between positive and negative satura¬ 
tion, as desired by the control. Flux 
reset between 4 and 4 leaves the negative 
power pulse 4 to 4 free for other use. 
Flux can also reset between 4 and 4 in 
the same manner as between 4 and 4. 

Push-Pull Output with One Core 

The BRA provides push-pull output 
with one core and one gate winding. A 
typical circuit is shown in Fig. 3(A). The 
circuit is similar to a half-wave magnetic 
amplifier, except rectifier BR2 is added in 
parallel and oppositely poled to rectifier 
BR1. Each rectifier is biased with a 
voltage source such as a battery. BR2 
permits negative load current I L - to flow 
during the negative power pulse. Since 
flux reset occurs between power pulses, 
I L - is controlled by the signal similar to 
the load current during the positive power 
pulse I L+ . I L - flows through the gate 
winding opposite to h+ and is controlled 
oppositely. A positive signal increases 
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a. POINT OF OPERATION IN FIG. 3B 

b. POINT OF OPERATION IN FIG. 3C 




Fig. 4. Transfer 
characteristics of 
Fig. 3 

A and B—Recti¬ 
fier and load 
currents 

C and D—Same 
without a-c bias 



single core for push-pull eliminates core 
balance problems. Most of the BRA 
circuits, for instance, Fig. 3(A), reduce 
the back voltage across the rectifiers, re¬ 
ducing rectifier leakage and drift. The 
BRA does not have as low a drift as its 
partner the pulse relaxation amplifier. 1 
Some small selenium rectifiers appear to 
drift more than the standard size recti¬ 
fiers, but indications are that silicon and 
germanium rectifiers promise excellent re¬ 
sults in BRA circuits in many applica¬ 
tions. 

List of Symbols 


Il+ and decreases /&_• By subtracting 
It- from I L+ push-pull output is ob¬ 
tained. Although the pulses providing 
/&+ and ljr,_ are separated in time, they 
can be subtracted by filtering, such as in 
a d-c meter, magnetic discriminator, etc. 
Typical transfer characteristics of h, 
Il+, and I L - are shown in Figs. 4(A) and 
4(B). 

Full Wave with One Core 

The BRA provides full-wave single¬ 
sided output (not push-pull) with one 
core and one gate winding. A circuit 
with its transfer characteristic and load- 
voltage wave shape is shown in Fig. 5(A). 
Basically, the pulse power supply is recti¬ 
fied full wave, and not filtered. The 
rectifiers and bias e b are used to permit 
flux reset between power pulses. It pro¬ 
vides identical unidirectional output on 
both positive and negative power pulses. 
This provides twice as much controlled 


output as the same core could produce in 
half-wave operation. 

Capacitive Load 

In addition to filtering the output, a 
capacitive load can supply the rectifier 
bias, Fig. 5(BI), and increase the output 
power. Compare Fig. 5(BIV) to Fig. 
5(AIV) and the test results in Fig. 6. 
The capacitor holds voltage between 
pulses which serves in place of the recti¬ 
fier bias E b . Properly applied capacitive 
loads can also serve in place of rectifier 
bias for the push-pull circuits. In many 
push-pull applications, the capacitors are 
placed across the “dummy leg*’ resistors. 
Three examples are shown in Figs. 7(B), 
(C) and (D) [c replaces of E b of Fig. 7 
(A)]. 

Low Drift 

The BRA reduces drift below the level 
of conventional magnetic amplifiers. The 


BRl— biased rectifier, conducts when e is 
positive 

BR2 —biased rectifier, conducts when e is 
negative 

C— capacitor used to provide rectifier bias 
£—supply voltage, volts average between 4 
and 4 or 4 and 4 

e — supply voltage, volts instantaneous 
jE&=bias voltage, volts average between 
power pulses or direct current 
eb “bias voltage, volts instantaneous 
Eg = gate winding, volts average between A 
and 4 or 4 and 4 

e g = gate winding, volts instantaneous 
-Ez, “load voltage, volts average between 4 
and 4 or 4 and 4 

Ci “ load voltage, volts instantaneous 
Em “peak supply voltage, volts maximum 
Er= rectifier voltage, volts average between 
4 and 4 or 4 and 4 

er=rectifier voltage, volts instantaneous 
/“frequency of supply voltage, cycle per 
second 

Jc“ control current, amperes d-c 
ic —control current, amperes instantaneous 
lx, “load current, amperes, average over full 
cycle of e (4 to 4) 

Il+ “positive load current, amperes, aver¬ 
age resulting from e positive 
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Fig. 5. Full-wave BRA with rectifier bias 
A—Fixed voltage source B—Capacitor 
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Il- “negative load current, amperes, aver¬ 
age resulting from e negative 
tjr,=load current, amperes, instantaneous 
mmf = magnetomotive force, ampere-turns 
per inch 

iV c =number of turns in the control winding 
N g = number of turns in the gate winding 
(power winding) 

f=time, instantaneous as specified by num¬ 
bers in Figs. 2(B) and 5(AII); (time 
instances are referred to as 4, 4, h, 4, 
etc., indicating instant of time at 
circled numbers 1, 2, 3, 4, etc. 

/*+ = time positive saturation is reached, 
time instantaneous 

tt~ = time negative saturation is reached, 
time instantaneous 
2 “impedance, ohms 

“flux levd at positive saturation, max¬ 
wells X10 ~ 8 

<f>*- =flux level at negative saturation, max¬ 
wells X10 ~ 8 

A$=fluxlevel change between specified 
limits, maxwells X10 ~ 8 
<p “ flux level, maxwells X10 ~ 8 
j?“flux level change, maxwells X10 -s 
instantaneous 

Theory of Operation 
Basic Principle 

The half-wave circuit of Fig. 2(A) illus¬ 
trates the general principle of the BRA. 
The power supply pulse E has sufficient 
time voltage to drive the reactor flux from 
negative to positive saturation between 
4 and h. The flux resets 3 mostly be¬ 
tween 4 and 4- The gate circuit voltages 
are 

( 1 ) 

Between 4 and 4, normally (e r +e b )«e, 
and 

e^e-eg^e-Ng^ ( 2 ) 

at 


At t—ti, e^e t and remains constant 
until <p reaches f» 4+ . Then the gate react¬ 
ance becomes zero and e=e L . The load 
current 

Il+ * J e L dtJ edt-Ngjj—p^ ( 3 ) 

where A<£ is the flux swing between 4 
and 4. E.g., with I c at point a of Fig. 
2(D), the flux change A$ is equal to the 
saturation flux $ 4+ , E 0 &E L , and both add 
up to the supply voltage E. 

A4> in equation 3 is the same as A<3> 
during flux reset. In the circuit of Fig. 
2(A) some change of flux occurs between 
4 and 4 but this change of flux is negli¬ 
gible. At 4) ¥>=$8+ and <p proceeds to 
drop. The gate voltage e g —N g ( d<pjdt) 
and is negative at the dot in Fig. 2(A). 
In equation 1, e L and e are zero, leaving 
e e =e b —e r , assuming complete rectifier 
blocking. The flux resets between 4 
and 4 

rU /*«< ru 
A$« I e g dt “ I e b dt— I e r dt (4) 

v ft •/ t% 

With e b —0 between 4 and 4, the recti¬ 
fier would conduct, making e T =0, and 
flux will not reset, as shown n Fig. 2(E). 
With a finite voltage e b , the equivalent 
becomes Fig. 2(F). As long as e b ^e e , 
the rectifier prevents current flow e L . 

The flux swing, A$ in equation 4, de¬ 
pends upon the control current I 0 . At 
I e - 0, A#=0, and the load current I L+ is 
maximum. As I 6 increases negative, the 
flux change remains zero until the control 
current I c reaches point b in Fig. 2(D), 
because of residual in the core; see point 
b in Fig. 2(C). Then the flux change A# 



D 

Fig. 7. . Four push-pull BRA circuits 


varies with I c until I 0 readies point c. 
With I 0 at point c, flux drops from $ s+ to 
f> 4 _, the maximum flux change A$. As 
the control current I c controls the flux 
change A$, during flux reset A# controls 
the load current I L+ , as shown in equa¬ 
tion 3. 

Push-Pull BRA with One Core 

The push-pull BRA, Fig. 3(A), has one 
core and one gate winding. It uses a 
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pulse power supply, as shown Fig. 2(B). 
The circuit shown in Fig. 3(A) is similar 
to a half-wave magnetic amplifier, except 
the biased rectifier BR2 is added. BR2 
permits negative load current I L - (por¬ 
tion- of Ii between 4 and 4). The push- 
pull output is 

II -(/*+)■ -(II-) (5) 

The control current I c has control over 
Il+ opposite to that of I L _. This re¬ 
quires flux reset between 4 and 4 in addi¬ 
tion to that between 4 and 4. Flux reset 
before 7 L _ is same as in equation 4, ex¬ 
cept e b becomes e bi , and for a constant 

C b l 


if' 4 *'#*' 


' (4-4) 


The flux level at t—U, as determined by 
I e , determines the negative load current 
Ii_. Similar to equation 3, 7/„_ is 

r k , c u a# 

I e L dt^ l edt-Ng - - ■ (7) 

J t, J / 4 KH—ti) 

and A$ is the change of <p from its level 
at 4 to Flux resets for Il+ similar 
to equation 4 

/•<! fh /»«! 

I ggdtmu I eb2 dt — I e T dt (8) 

J tf J (| J t t 

For a constant E bi its voltage needs to 
be the same as E bl in equation 6. The 
flux level at <-4, as set by the control 
current 7 C , determines I L+ in a similar 
manner to I t ~, and the positive load cur¬ 
rent I L+ is the same as in equation 3, 
and A4> is the change of <p from its level 
at h to <f> g+ . 

The flux level <p at is at the same 
level btt—ti when using a simplified mag¬ 
netization curve, as shown in Fig. 3(B). 
At 7 e =0, tp=Q at 4 and 4, and A4? is the 
same between 4 and 4 as between 4 
and t b . This makes I L+ =I L _, as seen 
in equations 3 and 7. With I c positive, 
Fig. 3(C), <p is positive at 4 and 4. Thus, 
the flux change A$ from the flux level <p 
at 4 to tp— is less than A<f> from the 
flux level <p at 4 to and I c +>h,-. 

With I c negative, the reverse is true: 

The characteristics of I L , 
Il+, and 7 £ _ versus I c are shown in Fig. 
4(A) and (B). 

A-C Cross Bias 

Certain core materials (Deltamax, 
Supermalloy, silicon steel, etc.) have hys¬ 
teresis loops similar to that shown in 
Fig. 3(D). Using a d-c control, the flux 
would be at a different level at 4 and at 
4. The control characteristics of Figs. 
4(A) and (B) would become those of Figs. 


4(C) and (D) respectively. Using the 
hysteresis loop of Fig. 3(D) and an a-c 
bias, the control characteristics of Figs. 
4(A) and (B) are obtained. With 7 C =0 
the a-c bias is adjusted to supply suffi¬ 
cient ampere-turns so that ^ = 0 at 4 and 
4. With 7 C positive, it adds to the a-c 
bias between 4 and 4 and subtracts be¬ 
tween 4 and 4* This sets the flux level <p 
positive at 4 and 4, as it did in Fig. 3(C), 
making I L+ >I L _. With I e negative, <p 
is negative at 4 and 4 and I l +<Il~. 

Normal variations in the a-c bias do 
not vary I Li but vary 7 i+ and 7 L _ to¬ 
gether. A decrease in a-c bias with I e = 0, 
Fig. 3(D), would make the flux level <p 
negative at 4 and positive at 4. With 
the hysteresis loop and the a-c bias cur¬ 
rent symmetrical, the flux change A<t> 
from <p at 4 to $ s+ would be the same as 
Ad> from <p at 4 to 


/»<«+ rt 

I e g dt ■ I 
J h Ju 


where 4+ and 4- is the time <p reaches 
positive and negative saturation re¬ 
spectively. An increase in a-c bias would 
shift tp at 4 and 4 oppositely, but 
Il+ — 7t_=0, with 7 C = 0. The same as 
bias in any push-pull circuit, if the a-c 
bias varies enough that <p saturates at 
4 or 4, there is a decrease in gain as I e 
approaches zero, as shown in Fig. 4(D). 
A normal variation in a-c bias will not 
disturb the push-pull characteristic. The 
a-c bias may be sine wave or pulse. 

Full-Wave BRA with One Core 

A BRA circuit as shown in Fig. 5(AI) 
provides full-wave single-sided (not push- 
pull) output as shown in Fig. 5(AIV). 
The rectifiers convert the power supply 
pulses, similar to Fig. 2(B), to unidirec¬ 
tional. This produces the same output 
amplitude and polarity during the nega¬ 
tive power pulse as during the positive 
pulse with an average load current 
^ = (/ i+ ) + (7 L _). 

Flux resets between 4 and 4, the same 
as flux resets between 4 and 4. Since the 
load current I L is unidirectional, <p-^ s + 
at 4 and 4 and the flux reset is the same 
as in equation 4. For a constant E b , 
similar to equation 6 

f*U rh r*t t /»/, 

I e„dt=> I e g dt£E b £ I edt= I edt 

J h J tt J (| J ( 4 


The output is controlled the same as in 
equation 3. Since I L + =7i_, the average 
output I L =27x + . Using a core with a 
hysteresis loop, as shown in Fig. 3(D), 
the transfer characters I L versus I 0 is 
similar to that of Fig. 5(AIV), 


Capacitive Loads 

Full-Wave BRA, Single-Sided 

Capacitive loads provide the bias for 
the rectifier, eliminating and adding E b . 
The circuit of Fig. 5(BI) has a capacitor 
across the load. The load could be re¬ 
sistive or inductive. Capacitor C charges 
during the power pulse and holds its 
charge long enough to bias the rectifier. 
There is no added time delay caused by 
the capacitor discharge time if capacitor 
C discharges between power pulses, as 
shown in Fig. 5(BII). 

Capacitor voltage e t must be suffi¬ 
ciently large and long to permit flux reset. 
f e L dl must be as large as E b in equation 
10. <p—$ t+ at 4 and e g is negative be¬ 
tween 4 and 4. The flux reset 


r *4 /»«< 

°c| e u dt s; | e 

J h J t. 


The controlled output is similar to that in 
equation 3. A# is maximum when f e L dt 
is minimum, and minimum J*e L dt must 
satisfy equation 11. Minimum f e L dt> 0. 


tin f A e L dt* P 

J h J < 4 


Commonly, I L minimum is 20 to 40 per 
cent of I L maximum. In a small BRA 
this is not normally harmful. The opera¬ 
tion between 4 and 4 is the same as that 
between 4 and 4. 

The capacitor increases I L in Fig. 5(BI) 
over that of Fig. 5(AI), commonly 10 
times the output power. A typical com¬ 
parison is shown in Figs. 6(B) and (C). 
7 C is the same for the two curves while I L 
is increased. This increases the gain as 
well as the power output. 

Push-Pull BRA 

Capacitive loads in a push-pull BRA 
can provide rectifier bias. The applica¬ 
tion of the capacitor is not as direct as in 
the full-wave single-sided BRA. Basic¬ 
ally, any rectifier bias E b can be replaced 
by a capacitor and resistor in parallel. 
This is not usually desirable, because of 
power loss in the resistor, unless the re¬ 
sistor is part of the load circuit. Capaci¬ 
tors across the load in Fig. 7(B) provide 
the rectifier bias in place of the batteries 
in Fig. 7(A), as in Fig. 5 discussed in the 
foregoing. Fig. 7(B) has two loads; 
the two loads could be two fields of a 
motor or two control windings. In high 
speed magnetic amplifier resistance is 
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PULSE POWER 
SUPPLY 



Fig. 9. Push-pull BRA using a center-tap 
pulse transformer 


commonly placed in series with the con¬ 
trol windings. The resistors in Fig. 7(C) 
can serve this purpose while the capaci¬ 
tors provide the rectifier bias. Fig. 7(D) 
is similar to (C), except that any load 
may be used and impedance Z serves the 
purpose of the common dummy leg resis¬ 
tors for push-pull circuits. 

Ramifications 

The BRA provides many new circuits. 
The discussion has been limited to a few 
circuits to illustrate the operating princi¬ 
ples. Using the BRA principles and the 
various circuit connections, thousands 
of circuits are available. A few of these 



1ST STAGE 


First stage—Push-pull 


2NO STAGE 3RD STAGE 

Fig. 10. A 3-stage BRA 

Second stage Full wave Third stacje—Full-wave push-pull 


circuits are shown in Fig. 8. The coil 
and biased rectifier combination are 
listed by alphabet while the load circuits 
are listed by numbers. Various circuits 
are formed by combinations such as the 
circuit in Fig. 3(A) is found in combina¬ 
tion Fig. 8(bl) and Fig. 2(A) in Fig. 8(al). 
The pulse power is applied between the 
symbols O and ground mark. Center-tap 
transformers are shown when used as in 
Fig. 8(p); the reactor coil is between the 
rectifiers. The other coils are on the 
center-tap pulse transformer. There are 
some combinations that do not work as 
in Fig. 8(a4) which has a short circuit 
across the load. Many of the 2-coil cir¬ 
cuits can operate with either one or two 
cores. 

There are many 4-coil 2-core circuits 
not shown in Fig. 8. The center-tap 
push-pull circuit in Fig. 9 is an example. 
Most of the well-known 4-coil push-pull 
circuits can be used in BRA circuits with 


four coils and two cores or four cores. 

The 3-stage BRA circuit of Fig. 10 
illustrates a full-wave push-pull circuit 
controlled by a full-wave single-sided 
BRA (second stage). The full-wave 
single-sided BRA is controlled by a 
push-pull BRA which in turn is controlled 
by a d-c signal. This is one of many com¬ 
binations that can be provided with a 
multistage BRA. 
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Interoffice Trunking and Signaling 

FREDERICK H. NOLKE 

ASSOCIATE MEMBER AIEE 


jpACH ENGINEER who for the first 
* time concerns himself with the prob¬ 
lems of telephone interoffice trunking dis¬ 
covers that practically the only source of 
information regarding equipment and 
operation comes from actual circuits and 
circuit description sheets which are not 
always available. This paper summarizes 
the information gained from a review of a 
number of trunk circuits with a view to 
providing the interested engineer with a 
basis for choosing the method of opera¬ 
tion best suited to his particular need. 

For the purpose of this paper the fol¬ 
lowing two definitions are offered: 1. 
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An interoffice trunk is the facility used to 
interconnect two central offices for talk¬ 
ing and signaling purposes. 2. Signal¬ 
ing refers to the means employed between 
two offices over an interoffice trunk to 
transmit trunk seizure information, dial¬ 
ing impulses, and supervisory informa¬ 
tion such as receiver on-hook and off- 
hook, line and paths busy, delay dial, 
and stop dial signals. 

Trunk Circuits 

Any discussion on interoffice trunking 
and signaling should start with the trunk 
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circuit, or impulse repeater, in the central 
office, since this circuit must provide the 
desired type of operation on the trunks. 
A trunk circuit may be thought of as an 
adapter which interconnects the central 
office equipment with the external trunk 
and thus makes it possible for one central 
office to operate in conjunction with 
several different types of trunks. It is 
usually composed of a number of relays, 
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Fig. 1. Ringdown 
trunk 


simple cord circuit which is approximately 
the equivalent of a telephone set to 
originate and dial a call into the auto¬ 
matic office. This type of operation has 
the advantage of being simple and inexpen¬ 
sive but has two distinct disadvantages. 


a repeating coil, and several resistors and 
capacitors. 

Ringdown Trunks 

A trunk circuit on which it is necessary 
to furnish ringing current to signal the 
distant office is called a ringdown trunk. 
Each end of the trunk is equipped with 
a-c relays and visual signals for register¬ 
ing the presence of an incoming call. 

A 2-way ringdown trunk in its simplest 
form, equipped with mechanical visual 
signals (drops) at either end, is shown in 
Fig. 1. R1 and R2 are the line drop sig¬ 
nals in magneto (local battery) offices A 
and B respectively. On a call originat¬ 
ing in office A and terminating in office 
B, signaling, supervision, and talking are 
accomplished as follows. 

Ringing current is applied from the 
cord circuit to the trunk at office A. 
This causes relay R2 to operate and to 
“ring down” the mechanical visual signal 
at office B. The operator at office B 
answers the call and connects through to 
the called line. Automatic on-hook and 
off-hook supervision is not supplied to 
either operator, but is accomplished by 
monitoring the call. Talking battery 
for the conversation is supplied by the 
local battery associated with the tele¬ 
phones at either end. When the call is 
completed and both parties have hung 
up, the calling party signals his operator 
with a ring to indicate completion of the 
call. The operator in office A then rings 
the operator in office B over the trunk, 
actuating a cord supervisory relay, and 
advises that the call has terminated. 

The ringdown trunk is sometimes used 
between manual common-battery offices. 
In that instance the signaling may be 
done by means of “drops” as already 
discussed or by means of lamps operated 
by a-c relays. When ringdown trunks 
are operated in conjunction with com¬ 
mon-battery offices the trunk circuit is 
often equipped to place automatically a 
spurt of ringing current on the trunk as an 
indication that the call has been termi¬ 
nated. 

Sometimes the situation arises where a 
2-way trunk must interconnect a magneto 
office and an automatic office. That the 
cost of the facilities in the magneto office 
may be kept at a minimum, it is often 


desirable to have a trunk which will 
operate on a ringdown basis into the 
magneto office and operate on a loop, 
simplex, or composite basis into the 
automatic office. On a call originating 
in the automatic office the trunk circuit 
places ringing current on the trunk to 
signal the magneto office. When the 
calling party hangs up, the trunk circuit 
again places ringing current on the trunk 
as an indication that the call has ter¬ 
minated. 

On a call from the magneto office to the 
automatic office the operator uses a very 


1. The trunk circuits used for this type of 
operation are usually not convertible to 
full common-battery operation. There¬ 
fore, when the magneto office converts to 
automatic, the trunk circuits in the auto¬ 
matic office become useless. 

2. Since they do not provide the necessary 
supervisory signals to meet intertoll dialing 
requirements, ringdown trunks can be used 
only for trunks to operators. 

A ringing frequency of 20 cycles is 
commonly used when signaling is accom¬ 
plished on a ringdown basis over short- 
haul circuits. If thetrunklineisequipped 
with composite telegraph, 135 cycles 
are used as the signaling frequency so that 
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the voice circuit signaling and the tele¬ 
graph do not interfere with each other. 
Long-haul circuits are equipped with re¬ 
peaters which, of course, do not pass 20 
and 135 cycles; therefore, interrupted 
1,000 cycles are used for signaling over 
such circuits. The interruptions to the 
1,000 cycles are generally at a 20-cycle 
rate. 

Simplex Circuits 

It has been pointed out that ringdown 
operation over a single pair of wires could 
be employed if the circuit terminated in 
manually operated central offices, but 
ordinarily would not be employed between 
two automatic central offices. 

To utilize a single pair of wires for 
trunking between automatic offices, a 
method known as simplexing was de¬ 
vised. A simplified schematic of this 
method of operation is shown in Fig. 2. 
If the impedances of g, h, j, and k are 
equal, and if the impedances of T and R 
are also equal, the current resulting from 
a voltage applied at c and d will divide 
equally through windings g and h, will be 
equal in windings j and k, and will flow 
to ground through e and /. Since the 
currents through g and h and through j 
and k are equal but opposite in direction, 
no voltage will be induced in l or tn. 
Thus no interference with the talking 
circuit will result, and the metallic path 
so derived can be used for signaling pur¬ 
poses. 

Because a simplex trunk effectively 
places the conductors in parallel as far 
as signaling is concerned, the d-c resist¬ 
ance offered to signaling currents is one- 
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fourth (neglecting ground resistance) of 
that seen by the same trunk operated on a 
loop-dialing basis. 

Phantom Circuits 

By utilizing two physical pairs a third 
talking circuit can be derived without 
adding an additional physical pair be¬ 
tween two offices. To accomplish this, 
the same principle, as illustrated in Fig. 
2, of causing two equal currents to flow 
in opposite directions through a repeat¬ 
ing coil winding is utilized. In this case, 
however, the currents involved are not 
direct currents but are voice frequency 
currents. 

In Fig. 3 talking circuit D is the new 
circuit created without necessitating a 
third physical circuit between offices A 
and B. C and E are now known as side 
circuits, while D is referred to as the 
phantom circuit. If a close balance of 
impedances can be maintained through¬ 
out, D will be a good talking circuit. 

The arrangement shown in Fig. 3 
provides three talking paths, but not 
three signaling paths since the simplex 
signaling paths are being utilized for 
talking currents. Additional equipment 
is therefore required to derive the neces¬ 
sary signaling paths for association with 
the talking circuits. 

The equipment which provides the 
means for signaling on phantom groups is 
called composite (CX) equipment. It 
is comprised of filters and blocking con¬ 
densers which allow the side circuit wires 
to carry both talking and signaling cur¬ 
rents without mutual interference. This 
arrangement is shown in Fig. 4. For 


purposes of simplicity only one side cir¬ 
cuit, talking circuit A, is shown. 

With the arrangement shown in Fig. 4 
it is apparent that two signaling paths are 
derived from one pair of wires. This is 
possible because of the filters used and 
because ground is used as the return 
path for signaling currents. 

The circuit shown in Fig. 4 serves to 
separate the talking and signaling cur¬ 
rents so as to prevent mutual interfer¬ 
ence. The signaling current I contains 
primarily low-frequency components (be¬ 
low 200 cycles per second). A signaling 
current, therefore, traveling in accord¬ 
ance with the arrows, sees a high imped¬ 
ance to ground C2, a low impedance to 
the R wire through L2, a high impedance 
to RC 1 (C6), a low impedance along the 
R wire, a high impedance to RC2 (C8), a 
low impedance LA, a high impedance to 
ground C4, and a low impedance into the 
signaling equipment. A similar set of 
conditions applies on the T wire, yielding 
two signaling circuits per physical pair. 

The relatively high-frequency talking 
currents of from 300 to 3,000 cycles per 
second see a different set of conditions, 
with the capacitors C5, 05, 07, and 08 
representing a very low impedance with 
respect to that of LI, L2, L3, and IA. 
Thus, the talking currents are restricted 
to the talking circuit. 

Since a phantom group requires two 
side circuits as shown in Fig. 3, two com¬ 
plete sets of equipment, shown in Fig. 4, 
are required at each end of a phantom 
group of trunks. The necessary equip¬ 
ment to provide for the signaling paths at 
one end of a full phantom group is 
called a composite, or CX, set. When 
composite equipment is used on a phan¬ 
tom group the trunks are said to be ar¬ 
ranged for composite signaling. 

It is often desirable from an outside 
plant point of view to utilize nonquadded 
cable pairs as trunks, particularly ex¬ 
tended-area service trunks. Because 
phantom groups require a dose capacitive 
balance from each side circuit to ground, 
a phantom trunk group is usually not 
operated through more than 3 kilofeet of 
exchange cable unless measurements are 
made so that pairs may be chosen with 
closely matched characteristics. Where 
trunks are to operate through more than 
3 kilofeet of nonquadded cable, simplex 
operation is preferable. 

D-C Signaling 

Direct current is usually used for sig¬ 
naling purposes on short-haul drcuits. 
The following signaling methods are 
typical of the types of d-c signaling most 


Nolke—Interoffice Trunking and Signaling 


January 1955 








POS.-NEG. _T_< 

TRUNK 3 

CIRCUIT -B-: 

TWTs I Pigling Le 


SX 

Repeating 

Coll 


Fig. 5. Positive¬ 
negative signaling 


often encountered: 

1. Positive-negative (simplex and com¬ 
posite). 

2. Receiving and transmitting (E-M) lead 
(simplex and composite). 

3. Loop. 

4. Battery and ground. 
Positive-Negative Signaling 


5. From the foregoing it is apparent that 
there is no current flow during the idle 
trunk condition since ground is applied on 
both ends of the dialing leg. Likewise, no 
current will flow during conversation since 
battery is applied at both ends of the dialing 
leg. Current flow takes place only during 
seizure, pulsing, and distant end on-hook 
supervision on the trunk. 

Positive-negative signaling is best 
suited for use on relatively short trunks 
and does not provide all of the features 
that E-M signaling does. A dialing leg 
resistance of 1,000 ohms is generally the 


Positive-negative signaling has been 
used for a number of years in the inde¬ 
pendent telephone industry and has be¬ 
come quite popular. One odd fact in 
this regard, however, is that there is no 
term universally applied to this opera¬ 
tion. One manufacturer calls it “neu¬ 
tral-differential,” another “positive-nega¬ 
tive,” and other manufacturers seem not 
to have given it any name. 

The method of connecting one 2-way 
simplex trunk arranged for positive-nega¬ 
tive signaling is shown in Fig. 5. This 
same arrangement would apply for com¬ 
posite (CX) operation except that the 
dialing leg would be connected to one of 
the signaling paths as shown in Fig. 4 
instead of to the center tap of the SX 
repeating coil. 

In brief, the principle of operation of 
positive-negative signaling is as follows: 


maximum over which these trunks oper¬ 
ate. The signaling range of the trunk is 
affected by such factors as battery volt¬ 
age, insulation resistance, and earth po¬ 
tentials. These earth potentials may be 
caused by local interference such as power 
lines and electrified railroads, or may be 
the result of geological conditions, mag¬ 
netic storms, etc. Earth potential dif¬ 
ferences might prove serious enough to 
affect the stability of the circuit. A dif¬ 
ference of 10 to 15 volts will in most 
cases prove serious. If the difficulty is 
owing to 60 cycle alternating current, 
filters are available which will usually 
correct the difficulty. 

Positive-negative signaling cannot 
readily be used with carrier equipment. 
Since a trunk circuit arranged for the 
E-M type of signaling can be used inter¬ 
changeably with composite equipment 
and carrier, it is somewhat more flexible 


1. During the idle condition of the trunk, 
the trunk circuit on each end places ground 
on the dialing leg through a relay winding. 
Barring differences in ground potential be¬ 
tween the two central offices, there should 


than the positive-negative type of trunk 
circuit. 

In spite of these drawbacks, the posi¬ 


tive-negative type of signaling is ade¬ 
quate for most extended area service 
(EAS) trunks, and is even used in some 
cases on short-haul toll trunks. Because 
only relays which are simple in design and 
relatively inexpensive to manufacture are 
used, the present cost per trunk is ap¬ 
proximately $80 to $100 less than for 
E-M signaling. 

Polar Duplex or E-M Signaling 

Polar duplex or E-M signaling may be 
considered as a refinement of positive¬ 
negative signaling. In general, the prin¬ 
ciples of operation are the same, but the 
equipment used is somewhat different. 
With E-M signaling the relays that ac¬ 
complish the signaling are usually not in¬ 
cluded in the trunk circuit. Two leads 
are brought out from the trunk circuit 
and are connected to the signaling cir¬ 
cuit. These receiving and transmitting 
leads carry the signaling currents. The 
separate signaling circuit includes a sen¬ 
sitive polarized relay, an artificial line, 
and an earth potential compensation net¬ 
work. 

Fig. 6 shows a composite type of trunk 
arranged for E-M signaling. This might 
have been connected as a simplex trunk 
by removing Cl, C2, C3, C4, Ll, and Z.2, 
and connecting the signaling lead SL 
to the center tap of the repeating coil. 
This was not done because it would not 
permit the use of the earth potential 
compensation circuit, since ordinarily 
there would not be a metallic path be¬ 
tween the offices that could be used for 
this purpose. 

The polarized relay CX, shown in 
Fig. 6, is the heart of the signaling circuit, 
as will be seen from the following. The 
CX relay has three windings: Wl, W2, 
and WZ. W3 is used for earth potential 
compensating purposes and is not directly 


be no current flow and the relays should not 
operate. 

2. When one end of the trunk is seized by 
an outgoing call, battery is placed on the 
dial leg at the originating office, thereby 
causing the relay in the distant end trunk 
circuit to operate. 

3. Alternately placing battery and then 
ground on the dial leg at the originating end 
as a result of dial pulses will cause the relay 
at the distant end to follow the dial im¬ 
pulses. This relay in turn pulses the cen¬ 
tral office equipment in the distant office to 
complete the call. 

4. When the called party answers, this 
fact is passed along back to the originating 
office by removing the ground on the dialing 
leg at the distant office and replacing it with 
battery. Since the originating office also is 
applying battery to the dialing leg, no cur¬ 
rent flows in the dialing leg during conversa¬ 
tion. 



Signaling Circuit 
Fig. 6. E-M signaling 
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involved in the signaling operation. Wl 
and W2 have an equal number of turns 
but the windings are connected dif¬ 
ferentially. Also included is an artificial 
line which is adjusted to have approxi¬ 
mately the same characteristics as the 
trunk. 

In an idle condition the trunk circuit 
places ground on the M lead and battery 
through a relay on the E lead. In this 
condition a' biasing current flows through 
W2 which holds the CX relay in a released 
position. 

When an outgoing call is made, the 
trunk circuit takes ground off the M lead 
and, replaces it with battery. This 
causes the current through W2 to re¬ 
verse and tends to cause the CX relay to 
operate. However, current also flows 
through Wl and because the voltage 
applied to W2 through the artificial line 
is higher than ground the current through 
Wl is enough greater than that through 
W2 to hold the relay released. The 
current through Wl flows out over the 
signaling leg SL to the distant office. 
For the moment, if Fig. 6 is considered to 
be the distant office, it will be possible to 
show how an inward call operates in E-M 
signaling. When battery is applied on 
the M lead at the originating office it is 
seen that the CX relay in the originating 
office does not operate. However, when 
this battery is applied to the Wl winding 
of the CX relay in the distant office it 
overcomes the effect of the biasing current 
in the W2 winding and operates the CX 
relay. This places ground on the E 
lead to seize the trunk circuit. 

When dialing commences, ground and 
battery are alternately placed on the M 
lead at the originating office causing the 
CX relay in the distant office to repeat the 
dial impulses in the distant office. It 
should be noted that whether ground or 
battery is placed on the M lead at the 
originating office the CX relay in this 
office will remain released. 

When the called subscribed in the dis¬ 
tant office answers, the trunk circuit in 
that office operates to replace the ground 
with battery on its M lead, causing an 
operating current to flow in its W2 
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winding. Since the two Wl windings are 
now in series to battery at each end of the 
trunk no current will flow in them. The 
CX relay at the originating office now 
operates by the current through its W2 
winding, placing ground on the E lead 
and returning answer supervision to the 
calling office. The CX relay in the dis¬ 
tant office remains operated, the operat¬ 
ing current in W2 taking the place of the 
previous operating current in Wl. 

The CX relay is equipped with a third 
winding which is used to provide the func¬ 
tion of d-c earth potential compensation. 
Since E-M signalingis designed to operate 
on a ground return basis, it is apparent 
that earth potential differences between 
the two terminals will upset the balance 
in the system. With the third windings 
of the CX relays at each end of the trunk 
connected in series over a spare com¬ 
posite leg, a difference in ground potential 
between the two ends will cause an un¬ 
balance current to flow through the third 
(compensating) winding of each CX re¬ 
lay. The resulting effect of this current, 
therefore, is to compensate for differences 
in earth potential at the two ends of the 
signaling leg. This method is effective 
in compensating for differences in earth 
potentials up to 50 volts. 

As mentioned, the present cost of pro¬ 
viding E-M signaling is about $80 to 
$100 higher per trunk than that for posi¬ 
tive-negative signaling, but results in the 
following advantages: 

1. Low-impulse distortion. 

2. Simultaneous signaling in both direc¬ 
tions (duplex operation). 

3. Earth potential compensation. 

4. Permissible signal leg resistance at least 
five times that for positive-negative signal¬ 
ing. 

5. Added versatility of the trunk circuit: 
adaptable for use with carrier. 

Loop Signaling 

Loop Signaling normally employs a 
physical pair of wires over which trunk 
seizure is effected on a loop basis. Dial 
pulsing is also accomplished on a loop 
basis, and supervision is effected either 
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on a reverse batter}- or high-low resist¬ 
ance basis. 

Fig. 7 illustrates the basic principles of 
operation of a loop-dialing trunk. For 
purposes of simplicity the talking circuit 
has been omitted and the equipment ar¬ 
rangement has been shown to illustrate 
circuit operation only on a call from 
office A to office B, as follows. 

When relay Rl is seized by the preced¬ 
ing switch in office A, the trunk loop to 
office B is closed, relay 4 operates and 
seizes an incoming switch in office B. 

Dialing at office A pulses (opens and 
closes) relay Rl. This causes Ri to 
open and dose alternately (follow the 
pulses). The action of 7?4 opens and 
closes the circuit to the incoming switch 
at office B, thereby passing along the dial 
pulses to the central office equipment. 
Supervision may be accomplished on 
either a reverse-battery or high-low 
basis as discussed in the following. 

Battery and Ground Signaling 

The loop dialing scheme as described is 
limited to approximately 1,000 ohms of 
loop resistance. Since in many ras es a 
trunk loop resistance may exceed this 
value, another method of operation known 
as battery and ground signaling has been 
developed which extends the loop resist¬ 
ance limit up to 2,000 ohms. In effect, 
it places the batteries in the offices at 
each end of the trunk in series. Fig. 8 
illustrates the basic principles of operation 
of a battery and ground trunk. For 
purposes of simplicity, the talking circuit 
has been omitted and the equipment ar¬ 
rangement has been shown to illustrate 
circuit operation only on a call from 
office A to office B, as follows. 

When relay i?l is seized by the preced¬ 
ing switch in office At, battery is connected 
to the trunk loop, thus dosing the loop 
through rday R4 and battery at office B. 
As can be seen, the battery connections to 
the trunk are opposite at the two offices, 
thereby effectively putting the two 
batteries in series. i?4 operates and 
seizes an incoming switch in office B. 

Dialing at office A pulses (opens and 
closes) relay Rl. This causes R4 to 
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Fig. 9. Loop signaling; reverse battery supervision 


open and dose alternately (following the 
pulses). The action of J?4 opens and 
doses the circuit to the incoming switch 
at office B, thereby passing along the dial 
pulses. 

Supervision (the passing back from 
office B to office A of on-hook and off- 
hook conditions on the call) may be ac¬ 
complished on either a reverse-battery 
or high-low basis, as discussed in the 
following. 

Reverse Battery Supervision 

Reverse batteiy supervision, as the 
name implies, is supervision provided by 
effecting a reversal of battery potential 
on the trunk. Fig. 9 is the same as Fig. 
7 except that it covers answer supervision 
from office B to office A in addition to 
seizure and pulsing. 

After the seizure and pulsing relay 221 
has operated and closed the trunk loop, 
a current flows through one winding of re¬ 
lay SR owing to the battery voltage on 
the trunk at office B. An equal and op¬ 
posite current flows through the other 
winding of relay SR because the battery" 
loop is closed by the operation of relay 
121. Since the effects of these currents 


on the trunk to its original polarity. 
This reverses the direction of current 
through one winding of rday SR causing 
it to release and pass on-hook supervision 
back to the equipment in office A. 

High-Low Supervision 

Supervision is sometimes accomplished 
on trunks from an automatic to a manual 
office by effecting a change in resistance 
of a bridge across the trunk and thereby 
passing trunk seizure, on-hook, and off- 
hook information on the call to the dis¬ 
tant office. This is called high-low 
supervision, and is not used on 2-way 
trunks between automatic offices. 

The essential elements of a high-low 
resistance trunk axe shown in Fig. 10. 
The circuit features at the automatic of¬ 
fice end of the trunk only have been 
shown. The following explanation, how¬ 
ever, provides the pertinent information 
in regard to the operation of this trunk. 

With the trunk in an idle condition, it 
can be seen that battery is placed on the 
trunk through 280 ohms. A high-resist¬ 
ance relay M is connected across the line 
at office B, and the resultant current 
through this relay is sufficient to maintain 


it in an operated condition. This main¬ 
tains the trunk lamp circuit at office B 
in an open condition and furnishes idle 
(dark-lamp) trunk supervision. 

In the case of an outgoing call from 
office A, when the trunk is seized at 
office A, relay A operates and relay G 
operates momentarily, opening the circuit 
to the trunk, thus releasing relay M. 
When relay G returns to its original posi¬ 
tion, the circuit again applies battery to 
the trunk but this time through 2,280 
ohms. This resistance is so high that 
insufficient current flows through relay 
M at office B to reoperate it. This latter 
action causes the trunk-calling lamp 
circuit to close, lighting the trunk-calling 
lamp. 

When the operator at office B answers 
the call, the trunk-calling lamp is auto¬ 
matically extinguished. The supervisory 
lamp associated with the answer cord of 
the operator’s cord circuit also provides 
dark-lamp supervision at this time. 

The operator at office B then signals 
the called subscriber in the customary 
manner and receives dark-lamp (off- 
hook) supervision on her calling cord 
when the subscriber answers. In addi¬ 
tion, office B places a low-resistance 
bridge across the trunk, operating relay 
C at office A which causes answer super¬ 
vision to be returned to the calling link. 

When the call terminates, and the call¬ 
ing party hangs up, relay A in office A 
releases, reducing the bridge across the 
line to 280 ohms. The resulting increase 
in current causes the answering cord 
supervisory light in the operator’s cord 
circuit to light up, thereby providing 
bright-lamp (on-hook) supervision on the 
call. This action has no effect on the 
trunk-calling lamp at office B and the 
lamp remains dark. The operator at 
office B then takes down the connection 
to the called party’s line. 

In the case of an outgoing call from 
office B, when the trunk is seized by the 
operator at that office, a low resistance is 


cancel each other, relay SR does not 
operate. 

When the called party at office B 
answers, a loop to battery through relay 
123 is closed; this relay operates and re¬ 
verses battery on the trunk at office B, 
which in turn reverses the direction of 
current through one winding of relay 
SR at office A. Since the currents 
through the windings of relay SR are 
now both in the same direction, the relay 
operates and passes answer supervision 
back to the calling link. 

When the called party hangs up, bat¬ 
tery is removed from relay 223 at office 
B, die relay releases and restores battery 
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Fig. 10. High-low supervision 
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placed across the trunk. This operates 
relay C in office A which causes an in¬ 
coming switch in office A to be seized. 

The impulse springs of the operator’s 
dial (not shown in Fig. 10) at office B 
are in series with the trunk circuit, and 
pulses from the dial cause the line to be 
opened and closed alternately. Relay C 
(pulsing relay) at office A follows these 
impulses and passes them to the incoming 
switch. 

When the called subscriber in office A 
answers, battery reversal is provided by 
the connector. This causes relay A to 
operate, placing 2,280 ohms on the trunk. 
This latter action causes the calling-cord 
supervisory lamp to be extinguished, 
thereby providing dark-lamp (on-hook) 
supervision on the call. When the called 
party hangs up, battery reversal is again 
provided by the connector releasing re¬ 
lay A . This again places battery through 
280 ohms on the trunk at office A. The 
d-c current on the trunk to office B is 
thereby increased, the supervisory relay 
operates, and causes the calling-cord 
supervisory lamp to light up and provide 
bright-lamp (on-hook) supervision on the 
call. When the operator at office B takes 
down the connection, the equipment at 
both ends of the trunks is restored to its 
normal (idle) condition. 

High-low supervision has been largely 
replaced with reverse battery supervision 
and is now used principally where addi¬ 
tions to existing trunk groups are being 
made. Although this discussion has been 
restricted to supervision on loop dial 
trunks, high-low supervision has also 
been used to a limited extent on positive¬ 
negative type SX and CX trunks, and 
sometimes in combination with reverse 
battery supervision on loop dial tr unk s. 

Loop-dialing trunks have certain re¬ 
strictions on their use. 

1. With the trend toward smaller gauge 
cables the loop resistance limit is reached 
sooner. 

2. The trunk circuits are not as versatile as 
the E-M type since they cannot be used on 


phantom groups or on most carrier equip¬ 
ment. 

Loop dialing finds its principal applica¬ 
tion in 1-way trunk groups where the dis¬ 
tances between offices are relatively short. 
In this case, they can result in very defi¬ 
nite economies. 

Up to this point trunks have been clas¬ 
sified according to the type of signaling 
used. To round out the discussion on 
trunking a classification made according 
to method of use follows. 

One-Way Trunks 

One-way trunks are those which can be 
seized from only one of the two offices 
they interconnect. In general, these 
trunks are provided on a loop-signaling 
basis, but simplex or composite operation 
may also be obtained. 

Since 1-way trunks are less economical 
with regard to outside plant facilities 
than 2-way trunks, their use is rather 
limited. Under the following conditions 
the use of 1-way trunks may be war¬ 
ranted: 

1. When 1-way traffic only is involved. 

2. When there is a marked difference in the 
amount of traffic in the two directions. 

3. Where the volume of traffic to be han¬ 
dled is high, requiring approximately 25 2- 
way trunks. 

One-way trunk circuits are less costly 
than 2-way trunk circuits and often no 
trunk circuit at all is required on the in¬ 
coming end of a 1-way trunk. Further, 
an incoming selector is not required on 
the outgoing end of a 1-way trunk. This 
saving in central office equipment must be 
balanced against the added investment 
required in outside plant, in order to de¬ 
termine whether the use of 1-way trunks 
is economically warranted. 

Two-Way Trunks 

Two-way trunks are those which can be 
seized from either of the two offices they 
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Fig. 11. Tandem operation 
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interconnect. Because of their more 
economical use of outside plant facilities, 
made possible by increased trunk ef¬ 
ficiency, 2-way trunks are usually em¬ 
ployed where the number of trunks in 
group is small, although they are some¬ 
times utilized in combination with 1-way 
trunks. 

Dual-Purpose Trunks 

Under certain circumstances the pro¬ 
vision of separate tr unk groups to handle 
toll traffic and extended area service 
(EAS) traffic is not warranted, and a 
single group of trunks is provided. Such 
a trunk group carrying two different 
types of traffic is called a dual-purpose 
(sometimes called dual-function or dual- 
use) trunk group. 

Fig. 11 illustrates a typical application 
of dual-purpose trunk use in switch-type 
equipment. In this instance the trunk 
group between offices A and B carries 
both toll and EAS. Since it is undesir¬ 
able for the subscriber at office A to have 
to dial other than the single digit 0 to 
reach the toll operator, appropriate pro¬ 
visions must be made for such a call to 
“tandem through” an intervening office 
(office B). This is accomplished through 
the use of a special type of trunk circuit 
at each end of the trunk group. When 
(Fig. 11) the trunk group between offices 
A and B is accessed from level 8 in office 
A it operates in a very straight-forward 
manner. The call lands on the incoming 
selector in office B and when an addi¬ 
tional digit is dialed it operates the in¬ 
coming selector to whatever level is 
dialed. 

However, if a subscriber in office A 
wants to make a call to the toll operator, 
the operation is somewhat different. It 
is desirable for several reasons for the 
subscriber to dial only the single digit 0 
’to reach the operator. To permit this, 
the trunk circuit in office A is of such a 
type that when it is accessed from level 
0 (as opposed to level 8) it will generate 
an impulse automatically. This auto¬ 
matically generated impulse will cause 
the incoming selector in office B to rise 
to, and hunt over, the first level. If the 
first level on the incoming selector in 
office B is multiplied to the 0 level on the 
local selector the call will be routed auto¬ 
matically through office B to the toll 
center. 

On a call from office B to office A it 
becomes necessary for the equipment to 
be able to differentiate between a tool 
and an EAS call. This is necessary be¬ 
cause the toll operator should have ac¬ 
cess to verification facilities in office A 


January 1955 




OFFICE A 


OFFICE B 
TANDEM OFFICE 

Dial Back Trunk 


TOLL OFFICE 


U. 




Fig. 1 2. Dial-back operation 


and a subscriber in office B should not. 
In addition, some manufacturers differ¬ 
entiate between the two types of calls 
so that they may return busy flash and 
tone on a toll call and busy tone only on 
an EAS call. 

This distinction between inward toll 
and EAS calls is made, at least by some 
manufacturers, by generating a marking 
impulse in the trunk circuit at office B 
on toll calls and no impulse on EAS calls. 
This again is done on the basis of whether 
the trunk circuit is accessed from the 
toll selector or the local selector in office 
B. If a local subscriber in office B dials 
the verification number in office A he re¬ 
ceives busy tone. 

Dial-Back Trunks 

In areas served by several community 
dial offices which reach the operator 
through a tandem office, and where there 
is a toll charge between offices, it is some¬ 
times desirable to use dial-back operator 


office trunks between the tandem office 
and the operator office, instead of provid¬ 
ing an extra (second) group of trunks be¬ 
tween these offices. Such a situation is 
illustrated in Fig. 12. 

Dial-back operation is accomplished in 
the following manner (Fig. 12): On a 
toll call originating at office A and des¬ 
tined for office B, the call is tandemed 
through office B to the toll office. The 
toll operator answers with an answering 
cord. When she has determined that the 
call is destined for office B, she dials the 
called subscriber’s number back over the 
same trunk. Upon answering, the called 
subscriber’s line is automatically con¬ 
nected to the trunk. The operator may 
remain in on the connection, and time the 
call, or she may withdraw her connection 
to the trunk, as circumstances warrant. 
In some types of dial-back equipment the 
trunk between office B and the toll office 
drops out of the connection when the 
operator releases. In other types of dial- 
back equipment this trunk cannot be re¬ 


leased until the call is completed. Fins 
type of trunk may be desirable where ex¬ 
cessive back-haul would otherwise be in¬ 
volved. 

In general, trunks of this type have 
disadvantages from an operating view¬ 
point for use with an operator office 
employing a large toll board, because the 
method of operation is different from 
tha t on regular operator office trunks. 

Conclusion 

This discussion does not purport to 
cover all phases of interoffice trunking 
since there are a number of variations in 
trunk circuits to handle individual situa¬ 
tions, a fact which has caused many 
manufacturing and operating complica¬ 
tions and since every attempt toward 
standardization of trunk circuits always 
meets with the problem of tying offices in 
with a nonstandard type of equipment. 
It is the author’s opinion that the inde¬ 
pendent telephone industry generally 
would benefit from the adoption of cer¬ 
tain standards with regard to trunks. 
Although this paper has been written to 
give a brief explanation of the method of 
operation of the various types of trunks, 
it is hoped that it will serve also to en¬ 
courage some thinking toward the objec¬ 
tive of standardization. 
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Synopsis: This paper has been prepared to 
introduce a single-ended saturable reactor 
circuit which exhibits a transfer character¬ 
istic for which the d-c output is essentially 
a linear function of the d-c input for the 
entire design range of d-c inputs. This 
"to-zero” operation is shown to be the result 
of a unique combination of nonlinear char¬ 
acteristics of conventional devices, trans¬ 
former and rectifier, which eliniinates the 
magnetizing component of the reactor cur¬ 
rent from the d-c output. The new circuit 
is presented and a qualitative description of 
the circuit operation is given. 

T HE basic component of the circuitry 
presented in this paper is the con¬ 
ventional series-connected saturable reac¬ 
tor with relatively low control circuit 


impedance. 1 A brief description of the 
operation of this basic circuit, as con¬ 
cerns a typical d-c metering scheme, will 
illustrate the application limitation with 
which this paper is concerned. A typical 
metering scheme using the basic circuit is 
shown in Fig. 1(A). The corresponding 
transfer characteristic is given in Fig. 
1(B). In Fig. 1(A) the d-c input, which 
is the signal received from the d-c system 
that is being measured, controls the reac¬ 
tor current i g which is rectified and fed to 
the indicating instrument M. Thus, the 
reading on the indicating instrument is 
continuously representative of the magni¬ 
tude of the d-c input. Since the relation¬ 
ship between the instrument reading and 


the d-c input is given by the transfer 
characteristic, the instrument scale must 
be calibrated to fit this particular transfer 
characteristic. An interpretation of the 
transfer characteristic, as concerns the 
scale of a linear movement instrument, 
will show that the scale is linear over the 
range of d-c inputs for which the transfer 
characteristic is linear and that the instru¬ 
ment scale is nonlinear over the range of 
d-c inputs for which the transfer charac¬ 
teristic is nonlinear. In addition, the 
instrument indication which represents 
zero d-c input will not coincide with the 
mechanical zero of the instrument owing 
to the reactor magnetizing current that 
flows in the instrument at zero d-c input. 
The resultant loss in usable length of 
scale, or stated another way, the ratio of 
reactor magnetizing current to nominal 
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F ' 3- BmIc saturable reactor circuit as 

applied for d-c metering 



rent from the relationship of d-c output 
versus d-c input. 

Circuitry 

The new circuitry is a modified single- 
ended saturable reactor circuit. The 
modification is the addition of a trans¬ 
former T between the series-connected 
reactors and the output rectifier R. The 
schematic of the circuit is shown in Fig. 2. 
Typical designs of the circuit components 
are as follows. 

Reactor: 

Core material: Hipemik V, 0.002-inch 
strip 

Core size: IV 2 inches inside diameter by 
2 inches outside diameter by 1 /2 inch 
Gating winding: 700 turns 
Input or control winding: 5,000 turns 


series of peaks which correspond in time 
^ the reversals in the square wave of 
magnetizing current and whose magnitude 
is a function of the rate of change of flux 
during these magnetizing current rever¬ 
sals. If the rectifier were a perfect recti¬ 
fier, it would conduct at every value of 
voltage greater than zero voltage and a 
proportional current would flow in the 
load resistance. In actual operation, the 
rectifier, because of its nonlinear character¬ 
istic, does not have appreciable conduction 
at low values of alternating voltage. This 
inability of the rectifier to conduct appre¬ 
ciably at low values of alternating voltage 
is commonly called the threshold effect of 
the rectifier. In the operation of this 
circuit, the rectifier threshold effect is 
used to block the voltage which is induced 


F 'S. 1(B). Transfer characteristic of basic 
saturable_reactor circuit as applied for d-c 
metering 


DC INPUT 



Fig. 2. Single-ended saturable reactor circuit 
for full-range linear operation 


or full-scale reactor current, would be 
roughly 2 per cent to 10 per cent, depend¬ 
ing upon the reactor design for a particu¬ 
lar application. This quiescent output 
and the associated deviation from the in¬ 
herent linear performance, while not being 
critically restrictive in the typical d-c 
metering scheme of Fig. 1(A), are cer¬ 
tainly undesirable from a practical ap¬ 
plication standpoint since they require 
the use of a nonstandard instrument s cal e 
that must be calibrated to fit the given 
transfer characteristic. It is apparent 
now that any method which eliminates or 
minimizes the effect of the magnetizing 
current without destroying the inherent 
linearity of saturable reactor operation 
would be a considerable improvement. 

There have been a number of methods 
devised for eliminating or minimizing the 
quiescent output of a saturable reactor cir¬ 
cuitry. 2 The following material is a de¬ 
scription of the circuitry presented in this 
paper and an explanation of the method 
by which this circuitry eliminates the 
magnetizing component of reactor cur- 


Transformer: 

Core material: Hipemik V, 0.002-inch 

strip 

Core size: 1 inch inside diameter by iy 2 

inches outside diameter by 1 /2 inch 
Primary winding: 130 turns 
Secondary winding: 4,460 turns 

Rectifier (bridge construction): 

Type: selenium " 1 •• ••• 

Cell: 0.05 square inch per cell 

Cells per leg: five cells in series per leg 

This design is capable of supplying a 
nominal output current of 3.5 milli- 
amperes into a load resistance of 10,000 
ohms for an input current of 17 mini , 
amperes d-c. Laboratory testing of this 
design has shown that the d-c output is a 
linear function of the d-c input within the 
accuracy limits of ±0.5 per cent of the 
nominal output for the full range of d-c 
inputs. This means that the actual d-c 
output does not deviate from a truly 
linear output at any point by more fhgn 
±0.0175 milhampere. The operational 
accuracy is based on full output to con¬ 
form to standard metering practice. 

Operation 

The to-zero operation of this circuit 
is made possible primarily due to the non¬ 
linear characteristics of transformer T; 
however, the nonlinear characteristic of 
the rectifier R also has an important, if 
somewhat secondary, role; refer to Fig. 2. 

The transformer effectively acts to 
shunt the reactor magnetizing current 
from the rectifier, hence from the load re¬ 
sistance R l . The transformer is not en¬ 
tirely effective since the exciting magneto¬ 
motive force due to the reactor magnetiz¬ 
ing current and the transformer primary 
turns does produce a flux change in the 
transformer core. This flux change causes 
a voltage to be induced in the secondary 
winding. This induced voltage is a 



Fig. 3(A) (top). Reactor magnetizing current 
wave shape 


Fig. 3(B) (bottom). Reactor current wave 
shape showing the conducting pulse 



Fig. 4(A) (top). Transformer secondary volt¬ 
age wave shape at zero d-c input 

Fig. 4(B) (bottom). Load current wave shape 
at zero d-c input 
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in the secondary winding by the action 
of the reactor magnetizing current. Thus, 
the shunting action of the transformer 
nonlinearity and the blocking action of 
the rectifier nonlinearity are effective in 
keeping the magnetizing current from 
flowing in the load resistance and the d-c 
output will be essentially zero when the 
d-c input is zero. The wave shape of 
the magnetizing current is shown in Fig. 
3(A). The corresponding induced second¬ 
ary voltage wave shape and the d-c out¬ 
put current wave shape are shown in 
Figs. 4(A) and (B) respectively. A com¬ 
parison of the wave shapes of Figs. 4(A) 
and (B) shows the effectiveness of the 
rectifier in blocking the induced second¬ 
ary voltage for this condition of zero d-c 
input. 

Fig. 3(B) is the wave shape of the reac¬ 
tor current i„ at a finite value of d-c input 
and shows the conducting pulse in the 
reactor current. When these currents 
flow through the transformer primary, 
the secondary induced voltage becomes 
greater than the rectifier threshold volt¬ 
age and the rectifier conducts. At first 
glance, it would appear that the current 
which flows in the secondary circuit might 
be appreciably affected by the nonlinear 
resistance of the rectifier. This is not 
the case, however, since the transformer 
acts essentially as a current transformer 
with the associated current forcing in the 
secondary circuit. This current trans¬ 
former action is the result of having an 
effectively large resistance in series with 
the transformer primary, thus allowing 
the reactor current to be forced through 
the primary winding unaffected by non¬ 
linear characteristic of the reflected sec¬ 
ondary burden. A comparison of Figs. 
5(A) and (B) shows evidence of this trans¬ 
former action. Both figures are plots of 
the flux level versus primary ampere- 
turns of the same transformer being 
excited by a given reactor current of the 
same general wave shape as that shown in 
Fig. 3(B). Fig. 5(A) is the plot with the 
burden connected to the secondary, and 
Fig. 5(B) is the plot with the secondary 
open-circuited. Fig. 5(B) shows the 
flux change that results from the primary 
current alone. Fig. 5(A) shows that, 
when both primary and secondary cur¬ 
rents are flowing, the flux change is less. 
It is assumed that this flux change in the 
core is only that change which is required 
to produce the voltage that is developed 
in the secondary burden. This latter 
type of flux change is characteristic of the 
operation of current transformers. 

The general shape of the plot of Fig. 
5(A), transformer core flux versus pri¬ 
mary ampere-turns, indicates a form of 


delayed magnetization in the transformer 
core which is consistent with the wave 
shape of the reactor current when the 
circuit is being operated at a finite d-c 
input. This delayed magnetization is 
more clearly shown using individual plots 
of instantaneous reactor current and in¬ 
stantaneous transformer core flux level. 
These individual plots, Figs. 6(A) and (B) 
respectively, have the same time base. 
A study of these plots shows that the in¬ 
crease in reactor current, Fig. 6(A) from 
point 1 to point 2, does not cause a corre¬ 
sponding rapid increase in transformer 
core flux. In Fig. 5(A) this delayed 
magnetization is shown as the a to & sec¬ 
tion in which the rapid increase in reactor 
current produces only a small change in 
transformer core flux. Continuing the 
explanation and again using the individual 
plot of Fig. 6(B) shows that the core 
flux continues to change from the level 
at point 1 for the duration of the reactor 
current conducting pulse until point 2 
is reached. This is the section 6 to c on 
Fig. 5(A). At the end of this conduct¬ 
ing pulse in the reactor current point 3 
of Fig. 6(A), the reactor current reverses 
and rises to the magnetizing current level. 
The corresponding resetting flux change 
is from point 2 to point 3 in Fig. 6(B). 
After the resetting period is completed, 
the next pulse occurs in the reactor cur¬ 
rent. In Fig. 5(A) the flux resetting 
period is given as the section c to d. The 
bright dot at point d indicates that the 
reactor current and the core flux remain 
relatively constant for the period x to 
(x+«) of Fig. 6(A). In Fig. 6(B) this is 
the section point 2 to point 3. At (x+a) 
the reactor current, Fig. 6(A), increases 
rapidly from point 4 to point 5. The 
delayed magnetization is effective for this 
pulse in the reactor current as it was for 
the previous pulse in the period, a to x, 
and at the end of the current pulse, point 
6 of Fig. 6(A), the flux has changed to 
point 4 in Fig. 6(B) and point / in Fig. 
5(A). The core flux is again subjected 
to the resetting action of the magnetiz¬ 
ing current and is then at the flux level 
given by point 5 of Fig. 6(B) and point a 
of Fig. 5(A). This completes the explana¬ 
tion of the relationship of transformer 
core flux versus a given reactor current 
for 1 cycle of the supply frequency. For 
other reactor currents, i.e., where the 
reactor current conducting pulses occur 
at a time either earlier or later in the 
cycle than ui—a and cof = (x+a) of Fig. 
6(A), the plot of the core flux versus reac¬ 
tor current has the same general shape 
and the preceding explanation is valid. 

This explanation will also be substan¬ 
tially true when the operating hysteresis 



Fig. 5(A) (top). Transformer core flux versus 
primary magnetomotive force 


Fig. 5(B) (bottom). Transformer core flux 
versus primary magnetomotive force 



Fig. 6(A) (top). Reactor or primary current 
versus time 


Fig. 6(B) (bottom). Transformer flux versus 
time 


loop of the transformer core is investi¬ 
gated. To convert the plot of Fig. 5(A) 
to a hysteresis loop, it is necessary to con¬ 
sider the action of the secondary current 
as well as the primary or reactor current. 
Fig. 7(A) combines the corresponding 
secondary current to the plot of Fig. 5(A) 
and changes the abscissa from primary 
ampere-turns to primary ampere-turns 
minus secondary ampere-turns. Apply¬ 
ing the previous explanation to Fig. 7(A) 
shows that the increase in reactor current 
from 1 to 2 of Fig. 6(A) causes secondary 
current to flow such that the differential 
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Fig. 7(A) (top). Transformer core hysteresis 
loop for the postfiring condition 


Fig. 7(B) (bottom). Transformer core hys¬ 
teresis loop for the prefiring condition 


fined as the operation at finite values of 
d-c input for which the reactor current 
includes the magnetizing current and the 
conducting pulses. 

As was stated previously, the to-zero 
operation of this circuit or the circuit’s 
ability to eliminate effectively the reactor 
magnetizing current from the d-c output 
involves the nonlinear characteristic of 
both the transformer and rectifier. How¬ 
ever, if the transformer is designed in 
accordance with certain predetermined 
requirements, it will be capable of absorb¬ 
ing the magnetizing current without pro¬ 
ducing an appreciable secondary voltage, 
thus minimizing the blocking action which 
is required of the rectifier. Since the 
nonlinear characteristic of the transformer 
is more stable than the nonlinear charac¬ 
teristic of the rectifier, this is a logical 
division of component importance as 
concerns the circuit operation for varying 
environmental conditions. The follow¬ 
ing analytical method is used to deter¬ 
mine the requirements for optimum trans¬ 
former performance as concerns the to- 
zero operation of this circuit. 



Fig. 8. A—Reactor current for the prefiring 
condition. B—Secondary voltage for the pre¬ 
firing condition. C—Reactor current for the 
postfiring condition. D—Secondary voltage 
for the postfiring condition 


are as follows 


ampere-turns are maintained relatively 
constant at the value of NI m while the 
flux changes from —fa to + 0 2 . After 
the flux has reached a maximum at + 0 2l 
and this occurs essentially at the end of 
the primary current pulse, it appears that 
the combination of the phase displace¬ 
ment between the primary and secondary 
currents and the change in primary cur¬ 
rent to the magnetizing current level is 
responsible for the core flux reset from 
to + 0 t . The resetting continues 
until the next pulse in the reactor or pri¬ 
mary current occurs. The resultant 
secondary current flow is such that the 
differential ampere-turns are maintained 
relatively constant at a value of -NI m 
while the flux changes from + 0 , to — 0 2 . 
The resetting action is again effective and 
the flux changes from - 0 2 to ~ 0 ,. com¬ 
pleting the operation for 1 cycle. 

Thus, Fig. 7(A) represents the hys¬ 
teresis loop of the transformer core when 
the circuit is operated at a finite d-c input. 
Fig. 7(B) shows the hysteresis loop of the 
transformer core when the circuit is 
operated at zero d-c input. These two 
different shapes of transformer core hys¬ 
teresis loops, which typify the nonlinearity 
that is utilized in the operation of this 
circuit, result from the two conditions of 
reactor operation. The prefiring condi¬ 
tion is defined as the operation at zero 
d-c input for which the reactor current is 
only the magnetizing current of the reac¬ 
tors. The postfiring condition is de- 


The circuit, shown schematically in 
Fig. 2 , consists of a pair of reactors, A 
and B, a transformer T , a bridge rectifier 
R, and a load resistance R z . The reac¬ 
tors are constructed with high-permea¬ 
bility rectangular-loop core material, such 
as Hipernik V, a gating winding of N 0 
turns, and a control winding of N e turns. 
The transformer is also constructed with 
rectangular-loop core material. The 
transformer has the conventional pri¬ 
mary and secondary windings of N P turns 
and N , turns respectively. The reactor 
gating windings are series-connected and 
are connected in series with an a-c supply 
voltage v g and the transformer primary. 
The transformer secondary is connected 
to the a-c terminals of the bridge rectifier 
and the load resistance is connected to 
the d-c terminals of the rectifier. The 
reactor control windings are connected 
for series opposition to the fundamental 
frequency of the a-c supply voltage and in 
series with a resistance R c and a d-c con¬ 
trol or input voltage E e . The instan¬ 
taneous currents are defined as follows: 
i e in the control windings, i g in the gating 
windings and the transformer primary 
winding, and i z in the transformer second- 
ary, rectifier, and load resistance. The 
term (Iff) is used to define the instan¬ 
taneous ampere-turns which are acting 
on the magnetic circuits and is derived 
from the expression ff=(OAicNI)/(l). 
The circuit operation will be analyzed 
first for the prefiring condition and then 
for the postfiring condition. The cir¬ 
cuit equations for the prefiring condition 


(IH)A -icN c -\-i 0 Ng 

(lH)B~-i e N c +i t Ng 

(lH)T=i g N p -i L N t 

Vff^NgtA+NgiB+NpiT 
+ N c <f>A — N e ^>B ~\~icRc 

By definition of the prefiring condition 
ffg^A—N a ^,B and E c = 0 . Therefore i c — 0 
and (Iff)A — (lH)B=i g Ng. 

With 

*V - (IH)A(1/N 0 ) « (IH)B(1/Ng ) 

(IH) T = (IH)A (N p /Ng)—i L N s 
Solving for i L , where 
h - (IH)A ( Np/NsN g ) - (IH) T/N s 

it becomes evident that i L approaches a 
zero value as the value of (lff)T ap¬ 
proaches the value of (N P /N 0 ) (Iff)A. 
In effect, this means that the magnetizing 
current of the reactors must be absorbed 
in the transformer without producing an 
appreciable flux change. This suggests 
that the ampere-turns (IH)T which are 
produced by the reactor current and the 
primary winding should be equal to or 
less than the ampere-turns which corre¬ 
spond to the d-c loop width of the trans¬ 
former core (Iff) T j. 0 . Published data 
concerning the characteristics of high- 
permeability rectangular-loop core ma¬ 
terial, such as Hipernik V, show a rela¬ 
tively small flux change results when the 
a-c exciting ampere-turns of a core are 
limited to a value which corresponds to 
the d-c loop width. For the Hipernik V 


Radus Single-Ended Saturable Reactor Circuit 


January 1955 


600 























2 



Fig. 9. Experimental transfer characteristics 



Fig. 11. Experimental results for supply voltage variations 


cores that were used in the model that 
was experimentally tested for this paper, 
the ratio of a-c loop width at 60 cycles per 
second (cps) to d-c loop width is roughly 
4 to 1. In general, the expression 
(lll)T— {N v /N g ) (111) A should be satis¬ 
fied for (lIl)T=(HI)T d . c . Thus (III) 
T d . c =(Np/N g ) (lIl)A a . c is a suggested 
transformer design prerequisite for mini¬ 
mizing the importance of rectifier block¬ 
ing. 

In the postfiring condition i„ = 
(IIT)A/N„ - (ieNc/Ng) and i l N s = -i fl 
(N C N P /Ng) + 0 IH)A(N P /Ng ) - (IH)T. 
This expression shows that the relation¬ 
ship between i h and i c will be simply a 
function of the reactor and transformer 
turns-ratios if the condition of (IH)A 
(N v /Ng)-(IB)T is satisfied. (Ill)A is 
the magnetizing ampere-turns of the reac¬ 
tors as defined in the analysis of the pre¬ 
firing condition. During the conducting 
pulse of the postfiring condition, when 
reactor B is saturated, the value of (HI)A 
is determined by the flux change in 
reactor A. vSince, by definition of low 


control circuit impedance operation, this 
flux change is relatively small, the result¬ 
ing rate of change of flux is less than is 
experienced prior to the saturation of 
reactor B. This then implies that the 
operating loop width during the conduct¬ 
ing period is narrower than the loop 
width at the supply frequency and sug¬ 
gests that, for the postfiring condition, 
(lH)A = (lll)A d . c . (IH)T is the magne¬ 
tizing ampere-turns of the transformer 
and is defined here again as the difference 
between the primary and secondary 
ampere-turns. Fig. 7(A) is a plot of flux 
level in the core versus the difference in 
primary and secondary ampere-turns and 
shows the general shape of the hysteresis 
loop of the transformer core in the post¬ 
firing condition. This shape suggests 
that in the postfiring condition the effec¬ 
tive transformer core hysteresis loop width 
is roughly the a-c loop width at the supply 
frequency. As such, it must be greater 
than the loop width required in the pre¬ 
firing condition which has been defined 
as the d-c loop width. 


Thus, there are two transformer design 
prerequisites for consideration. 

Prefiring 

(lH)T d . c =(N P /Ng)(lH)A a-c 

Postfiring 

(lH)T ll .c=(N 1) /Ng)(lH)A d . e 

It is not possible to satisfy these ex¬ 
pressions simultaneously, since, in the 
change from prefiring operation to post¬ 
firing operation, the increase in required 
magnetization of the transformer core is 
accompanied by a decrease in reactor core 
magnetization rather than the necessary 
increase. Because the primary concern 
of this paper is the effective elimination 
of quiescent output, the prefiring condi¬ 
tion is assumed more important. The 
resulting loss of reactor current, owing to 
the required magnetization of the trans¬ 
former in the postfiring period, will be 
recognized as a source of error in the 
ampere-turns relationships of the com¬ 
ponents. This error can be reduced if the 
prefiring primary ampere-turns are in- 




Fig. 10. Experimental performance characteristics 


Fig. 1S. Experimental results for ambient temperature variations 
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Fig. 13 (left). Experimen¬ 
tal results for load resistance 
variations 

Fig. 14 (right). Differential 
measuring circuit schematic 



postfiring operation at rated d-c input. 

The curves of Fig. 10 show the change 
in circuit operation which results from a 
change in the match between rectifier 
threshold level and the prefiring second¬ 
ary voltage. The circuit conditions are 
the same as those used in obtaining the 
data for Fig. 9. The rectifier threshold 
voltage is maintained constant at approxi¬ 
mately 4 volts. The peak values of the 


creased beyond the d-c loop width and if 
the rectifier is used to block the resulting 
secondary induced voltage. 

The wave shape of the voltage induced 
in the transformer secondary for the 
prefiring condition is peaked owing to the 
substantially square wave shape of the 
reactor magnetizing current and the non- 
rectangular hysteresis loop of the trans¬ 
former core, Fig. 7(B), at this relatively 
low level of magnetization. It is this 
peak value of voltage that must be 
blocked by the rectifier threshold effect. 

The description of the operation for 
the prefiring condition is shown in Fig. 8. 
The reactor magnetizing current is shown 
in Fig. 8(A). The corresponding second¬ 
ary voltage is shown in Fig. 8(B). The 
voltage level E a in Fig. 8(B) represents 
the threshold voltage of the rectifier. 
The reactor current wave shape for a 
finite d-c input is shown in Fig. 8(C). 
The secondary votage which corresponds 
to the conducting pulse of reactor current 
is added to the information of Fig. 8(C) 
and the total is shown in Fig. 8 (D). This 
latter voltage pulse is also shown to be 
less than the rectifier threshold voltage. 
Hence, the rectifier will not have appre¬ 
ciable conduction for this small but finite 
d-c input. If the rectifier threshold level 
is decreased, the rectifier will conduct for 
smaller values of d-c input, and when the 
threshold level becomes less than the 
peak value for the prefiring condition 
there will be appreciable d-c output at 
zero d-c input. This operation, in the 
near vicinity of d-c input, can also be 
shown by using a given rectifier threshold 
level and changing the transformer de¬ 
sign to affect changes in the secondary 
voltage peak values. The transformer 
design changes are given in terms of 
the previously developed expression, 
cp »/K=(N P /N t ) Where 

(lIi)Ttn op »/K-(lH) f t and are correlated 
to the circuit operation by the curves of 


Fig. 9. The term (IH)A & . C is held con¬ 
stant at approximately 2.01 AT. The 
transformer tums-ratio is held constant to 
maintain constant loading while the pri¬ 
mary turns N P are changed to obtain 
values of K equal to 2.72, 4.08, and 8.17. 
It is seen in Fig. 9 that the best to-zero 
linearity results when A"=4.08. With 
K—2.72, the to-zero linearity is destroyed 
because of the appreciable output at zero 
d-c input. With #=8.17, the to-zero 
linearity is destroyed because the output 
remains negligible for an appreciable 
range of d-c inputs. 

Although this apparent correlation be¬ 
tween transformer design and circuit op¬ 
eration is consistent with the preceding 
explanation of the operation, the expla- 
nation, while being true, is not complete 
since it does not point out the effect of the 
required magnetization of the transformer 
core. In the previous analysis of the 
postfiring condition, it was shown that a 
part of the conducting pulse of the reac¬ 
tor current is used to magnetize the core 
and is not effective in producing a flux 
change. For small values of d-c input 
this effective loss can be an appreciable 
part of the total pulse if the transformer 
ampere-turns prior to the conducting 
pulse are appreciably less than the am¬ 
pere-turns that are required to magnetize 
the core. Thus, the loss is an inverse 
function of the transformer primary 
turns. Referred to the curves of Fig. 9, 
this transformer magnetizing loss, which 
is greater at K =8.17, is in part responsible 
for the difference in output i^ for a given 
value of input i c . 

It would appear that tire matching of 
rectifier threshold voltage to the preftring 
secondary peak voltage of a given trans¬ 
former design would be very critical. 
This is not necessarily true since the re¬ 
quired effectiveness of the match, as de¬ 
fined by the application accuracy re¬ 
quirements, is determined relative to the 


prefiring secondary voltages are 1.5 volts, 
4 volts, and 5 volts for K values of 8.17, 
4.08, and 2.72 respectively. These curves 
show that the circuit operation does not 
exceed the accuracy limits of ± 1 per cent 
for the relatively wide range of prefiring 
secondary voltage. 

Performance 

This circuit exhibits the performance 
stability which is characteristic of satura¬ 
ble reactor circuitry since it is essentially 
a series-connected saturable reactor and 
uses rectangular-loop core material in the 
reactors. This performance stability in¬ 
cludes the substantial independence of d-c 
output current from changes in supply 
voltage and frequency and load circuit 
resistance. 

Laboratory performance testing, which 
has been conducted on a model according 
to the components’ designs given in the 
section entitled “Operation,” has shown 
results which should be satisfactory for 
most d-c metering applications. The re¬ 
sults of these tests are given in graphic 
form in Figs. 11, 12, and 13. The cir¬ 
cuitry involved in obtaining these per¬ 
formance data is shown in Fig. 14. The 
reference voltage E r is a linear function of 
the input current i c . The output voltage 
E 0 is a function of the output current it. 
These two direct voltages are compared in 
a differential connection and the galva¬ 
nometer G measures the difference of their 
average values. Thus, the difference in¬ 
dicated by the galvanometer is the devia¬ 
tion from linearity of the d-c input versus 
d-c output relationship at every value of 
input. The graphs are plotted to show 
the deviation from linearity versus the d-c 
input current. The data for Figs. 11,12, 
and 13 were obtained using selenium rells 
in the rectifier. At first glance the per¬ 
formance in the near vicinity of zero d-c 
input for the ambient temperature test 
data of Fig. 12 might appear unusually 
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stable However, a qualitative investiga¬ 
tion of the components’ characteristics 
shows that a change in rectifier charac¬ 
teristic (e.g., a decrease in threshold volt¬ 
age for an increase in temperature) is 
compensated to some degree by the cor¬ 
responding change in reactor core charac¬ 
teristic (i.e., a decrease in hysteresis loop 
width for an increase in temperature). 
The effect of varying ambient tempera¬ 
ture on the transformer operation is not 
readily definable for zero d-c input owing 
to the relatively low level of transformer 
core magnetization. 

Application 

The saturable reactor type of magnetic 
amplifier or transductor is used as a meter¬ 
ing magnetic amplifier because of the in¬ 
herent linear relationship between the cir¬ 
cuit’s d-c input and d-c or average value 
of output. Devices which use the con¬ 


ventional circuitry have found wide¬ 
spread use in isolating the metering cir¬ 
cuits of high-voltage d-c systems.® This 
new type of circuit can be used advan- 
tangeously in the majority of the conven¬ 
tional metering schemes since the per¬ 
formance stability of the basic saturable 
reactor is combined with an effective to- 
zero operating characteristic. This new 
circuit also extends the use of this type 
of magnetic amplifier or transductor to 
include telemetering applications. The 
impedance matching of the transformer 
permits the load resistance to be of a value 
that can readily accommodate the trans¬ 
mission-line resistance and a dummy re¬ 
sistance which might be used to “swamp- 
out” transmission-line resistance changes. 

Conclusion 

The practical value of this circuit is its 
ability to operate with a to-zero charac¬ 


teristic similar to that of a conventional 
push-pull circuit while retaining the per¬ 
formance stability and simplicity of 
auxiliary circuitry which is associated with 
the basic single-ended circuit. The field 
of d-c metering is a natural area of ap¬ 
plication for a device having this com¬ 
bination of characteristics since such a 
device can act as an isolating full-range 
linear link between a high-voltage d-c 
power system and its associated metering 
and control circuits. 
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Measurements of Materials with High 
Dielectric Constant and Conductivity 
at Ultrahigh Frequencies 


H. P. SCHWAN 

ASSOCIATE MEMBER AIEE 


KAM LI 

NONMEMBER AIEE 


T HE principles for measuring dielec¬ 
tric properties of materials at ultra- 
high frequencies are well established. 1 * 2 
They are based on measurement of volt¬ 
age standing wave ratio (VSWR) and lo¬ 
cation of the standing wave pattern, 
which results from reflection of electro¬ 
magnetic waves in front of the sample; see 
Fig. i. Transmission line or wave guide 
sections, depending upon frequency, are 
used to obtain the necessary 1-dimen¬ 
sional field propagation. The complex 
reflection factor p, obtained from the 
measurement as indicated, is related to 
the dielectric properties of the sample. 
This relationship permits expressions of 
the dielectric properties directly, in terms 
of the observed quantities W— 1 — p/l+P 
(inverse of VSWR) and Iq — So+V4. For 
the two most important special cases, 
sample loaded with either infinite or zero 
impedance, the relations given in Fig. 2 
hold. 2 e* is the complex dielectric con¬ 
stant of the sample, e its permittivity, and 


tan S characterizes the dielectric losses. 
It is assumed that the dimensions of the 
transmission line are unchanged in the 
sample section, as indicated in Figs. 1 
and 2. 

This technique proved especially suc¬ 
cessful for materials with complex dielec¬ 
tric constants, whose magnitude is not too 
large compared with unity. However, no 
detailed discussion is given for the appli¬ 
cation of this technique to the measure¬ 
ment of materials with high complex di¬ 
electric constant. Interest in the meas¬ 
urement of such material has increased 


Paper 54-524, recommended by the AIEE Electrical 
Techniques in Medicine and Biology Committee 
and approved by the AIEE Committee on Technical 
Operations for presentation at the AIEE Fall Gen¬ 
eral Meeting, Chicago, Ill., October 11-15, 1954. 
Manuscript submitted May 5, 1954; made avail¬ 
able for printing September 8, 1954. 

H. P. Schwan and Kam Li are with the University 
of Pennsylvania, Philadelphia, Pa. 

This work was supported by the Office of Naval 
Research Contract No. Nonr-551(.05) and by the 
Aeromedical Equipment Laboratory, United States 
Naval Base, Philadelphia, Pa. 


recently, partially because of the develop¬ 
ment of dielectrics with high dielectric 
constant and because of interest in the di¬ 
electric properties of biological ma¬ 
terial. 3-6 The purpose of this article is 
to s ummari ze how measurements of di¬ 
electric properties of material with high 
complex dielectric constant are performed 
to obtain accurate results throughout the 
frequency range from 100 to 1,000 mega¬ 
cycles (me). 

Problem of Sample Thickness 

It is obvious from the equations in Fig. 
2 that the difference between the two 
measurable quantities L\ and Li becomes 
larger as the dielectric constant e* in¬ 
creases. It is furthermore seen that for 
large values of «*, tan Li itself becomes 
large unless the sample thickness d is very 


i+e 
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Fig. 1. Standing wave pattern in front of 
dielectric sample 
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|V| Fig. 2 (left). Sample loaded 

with infinite or zero impedance 
and equations for the determi¬ 
nation of its dielectric properties 


"OPEN" END a • 

-—-4 — 

tan *\fg T J * tan l, id 



"short circuit" end a » 4-: 

-ft* tan -{i^ - tan l 2 <*, 

WHERE 

L ■ ^ " ] tanh "' fef ; £ + * s f-i tan S) 


Fig. 3 (below). Phase con¬ 
stant I as function of sample 
thickness and frequency for 
open- and short-circuited sam¬ 
ple case; permittivity of sam¬ 
ple 60, conductivity 0.01 
ohm -1 cm -1 



cases for a dielectric constant with a per¬ 
mittivity of 60 and an electric conduc¬ 
tivity of 0.01 ohm -*cm-i. (These values 
are characteristic for tissues with high 
water content, body fluids, and water in 
the frequency range from 100 to 1,000 
me.) The maximum of l which can be 
obtained with the short-circuit tech¬ 
nique over most of the d-range is con¬ 
siderably smaller than 1 cm. This 
means that an accuracy in / of 1 per cent 
requires exact readings to better than 
0.1 millimeter (mm). This is difficult 
to achieve. Using the open-circuit tech¬ 
nique the values of l approach X/4 
for all sample thickness greater than 
1 cm. This will yield operating con¬ 
ditions with high sensitiveness of tan 
Li to its argument. Suitable values of 
l exist only for d-values of 1 to 2 mm. 
From this it follows that accurate deter¬ 
minations of e are possible only with d- 
values which are rather small. 


small. Large values of tan L x establish 
undesirable operating conditions since a 
small error in the measured argument L x 
will yield large errors in e* because of the 
sensitiveness of the tan L x function to its 
argument. Tan Lj, on the other hand, is 
likely to be small unless the sample thick¬ 
ness d is large. Thus, large amounts of 
sample material may be necessary to ob¬ 
tain observable values of U It becomes 
obvious that the proper choice of either 
open or short-circuit load on the sample, 
as well as careful choice of sample thick¬ 
ness d, becomes increasingly important for 
large complex dielectric constant values. 

Fig. 3 shows the variation of the quan¬ 
tity l in parts of X/4, which characterizes 
the shift in the phase pattern in the trans¬ 
mission line, when the open or short-circuit 
terminal of the line is replaced by the open 
and short-circuited sample respectively. 
It is plotted as a function of sample thick¬ 
ness for both open and short-circuited 


In Fig. 4 the inverse of VWRS is 
plotted against d. In the open-load case, 
IF-values are obtained which vary around 
0.1. They do not change rapidly with 
d as long as d is smaller than 1 cm. Rapid 
variations of W with d occur at higher 
frequencies for d-values above 1 cm. 
They are undesirable since they require 
extreme accuracy in the d-de termination 
to avoid errors. In the short-circuit case 
W varies rapidly with d for smaller d- 
values, and approaches values of less 
than 0.001. Such IF-values are also un¬ 
desirable for measurement, since they 
compare with the IF-values caused by 
the losses of the transmission line equip¬ 
ment itself (VSWR about 1,000). Com¬ 
plicated relationships exist for d greater 
than 1 cm, with more or less pronounced 
peaks, which in actual operation would 
again necessitate extreme accuracy in d. 
Therefore the IF-values plotted in Fig. 4 
substantiate the conclusion that most de¬ 
sirable operation is obtained with small 
d-values and unloaded sample. 

If the sample thickness becomes suffi¬ 
ciently large, the input impedance of the 
sample becomes practically identical with 
the characteristic impedance of the sample 
section. In this case, it does not matter 
if the sample is loaded with either infinite 
or zero impedance. We will obtain W- 
and /-values which do not change when 
the initially unloaded transmission line 
is loaded by either the unloaded or short- 
circuited sample. We expect, therefore, 
that W x and W 2 , as well as h and / 2 +X/4, 
i.e., L x and L 2 +T /2 become identical. 
This tendency is noticeable in Figs. 3 and 
4. It is obvious at the same time that a 
10-cm sample is only a rough approxi¬ 
mation of an infinite d-load since W still 
varies about 20 per cent with d and 
load. Equations in Fig. 2 reduce for 
infinite d to 


tan Lx ; 1 A/e* =j tan L 2 (1) 


which separate into 
TF^l+tan* 0^) J 
tan 2 [1 “IF 2 ] 

2 

1 

[^‘“’(t)]’ w ' 

2W(1 — W 2 ) tan 
[l+tan* (~fj ] 

£l + TF 2 tan 2 ^ 
2 

01 

j (2) 

IF 3 tan 

\ * ) 
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This shows that it is possible to obtain 
•rood measurements of the permittivity 
• rom W. The losses characterized by a 
tan 8 are difficult to obtain for materials 
with high complex dielectric constant, 
phis follows from the fact that they 
change with tan 2 t//X, which is con¬ 
siderably larger than 1, and are therefore 
sensitive to small changes of /. 

Infinite sample thickness, short- and 
open-circuited sample, represent the only 
cases where relatively simple relation¬ 
ships are obtained. In all other cases of 
sample load the relationships are so com¬ 
plicated that they are not suitable for 
evaluation. The foregoing discussion 
therefore proves that small sample thick¬ 
ness and open-circuit technique provide 
the only feasible .possibility for determin¬ 
ing dielectric properties of material of 
high complex dielectric constant in the 
frequency range from 100 to 1,000 me. 


Method of Evaluation 


Determinations of the complex dielec- 
ttic constant based on either of the two 
equations in Fig. 2 necessitate the avail¬ 
ability of complex tables of the functions 
w-z tan z and w— l/z tan z. The first of 
these two functions does not exist in tabu¬ 
lated form, while the second, applying to 
the undesired short-circuited sample case, 
has been given by Kennelly. 8 The desir¬ 
ability of small d-values fortunately 
makes it possible to use approximations 
which are obtained if tan (2iird/X V e*) is 
replaced by its argument. This is per¬ 
missible, especially in the case of large 
values of e*, as long as the magnitude of 
tan Li is not very much greater than 
unity. The equations obtained are 


2rd 2 irl l-W* 2tI 

——«= tan—- 77,—a ~— 

X X / 2irl\ X 

1 +W* tan 2 ( — j 


e2w d 
___ 


tan S = W 


1+ tan 2 - 


2 irl 


l + W* Ian 2 



~W (3) 


The error of these equations may be 
estimated by use of the first correction 
term in the series development 


* X f 1 2ird 

e =~ tan LA 1—- tan Li + 
<Zira L 3 X 

It) 


4 

45' 


tan 2 L\ — 


■] 


and is usually small. It is given by the 
equations 


Ae 



(1— tan 2 5) 
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Fig. 4. Inverse of voltage standing wave ratio (W) as function of sample thickness and fre¬ 
quency for open- and short-circuited sample ease; sample permittivity 60, conductivity 0.01 

ohm -1 cm -1 


A(«tan 5) 2 /2*-d\ 2 
e tan 5 3\ X / 

[Ae/e and A(e tan 5)/e tan S 

relative error of equations 3] 

If / becomes so small that tan (2irZ/X) can 
be replaced by its argument and if W« 
1 the equations e~l/d and 6 tan 
<r~X/2-7n2 W result. 

Approximations for small d-values 
which hold in the case of short-circuit 
samples are 


tion of thickness d and boundaries per¬ 
pendicular to the conductors. Such a 
sample holder must be constructed so that 
its influence on the observed quantities l 
and W, and finally on the values e*, can 
can be understood easily. The best solu¬ 
tion is the use of insulators which are 
sturdy enough to avoid bulging near the 
conductors, as thin sheets of plastic ma¬ 
terial do under pressure. Plates of poly¬ 
styrene of some mm thickness are 
best suited. It seems logical to change 



They point out one of the major disadvan¬ 
tages of the short-circuit technique, i.e., 
both l and W are functions of the third 
power of d and either second or third 
power of the frequency. In the open- 
circuit case, on the other hand, both l and 
W are in a first approximation linearly 
dependent on sample thickness and fre¬ 
quency. This makes it possible to oper¬ 
ate with one sample thickness in the open- 
circuit case over one total frequency dec¬ 
ade, an advantage which is important 
when variation of d is either difficult to 
accomplish or undesirable, 

Sample Holder Construction 

The measurement of dielectric proper¬ 
ties of solutions requires the use of a sam¬ 
ple holder, which provides a layer of solu¬ 
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Fig. 5. Effect of sample holder plates on eval¬ 
uation of dielectric properties. The effect of 
the back plate is eliminated by adjustment of a 
X/4 section with reference to the front bound¬ 
ary of the back plate (arrow). The capacity 
of the front plate is corrected as indicated by 
the equations 
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Fig. 6 (left). 
Resonance curve 
as obtained with 
resonance tech¬ 
niques and 
neighborhood of 
minimum of 
standing wave 
pattern. Ordi¬ 
nates are either 
current or voltage 
square. (Ab¬ 
scissa x character¬ 
izes location 
along transmis¬ 
sion line) 


the diameter of the transmission Imp C on- 



ftrlnrt i..K f° n ° f P L a#e with «»j«.stment X/4 section in back of simple. Al 

( ront) the change ,n phase constant as caused by an error Al (back) in the adjustment of the 
X/4 section. Sample load: distilled water (d= 1.54 mm ) 


ductors while passing through the sample 
holder plates in such a manner that the 
characteristic impedance does not vary. 
This would avoid reflections at the sur¬ 
face of the sample holder plates and enable 
measurements without any consideration 
of the sample holder plates. However, a 
more detailed investigation shows that 
the reduction in conductor diameter, 
which is required to achieve equality of 
the characteristic impedances in the trans¬ 
mission line and plate, is considerable. 
It is larger than estimated, on the basis 
of a calculation which assumes that the 
orientation of the electric field is always 
perpendicular to that of the conductors. 
This is because of a shortening of part of 
the field lines near the edges, where the 
conductor diameter changes. The short¬ 
ening of the electric field lines is equiva¬ 
lent to an increase in capacity. The 
necessary decrease in diameter, which is 
required to compensate for this effect, is 
often sufficiently great to reduce substan¬ 
tially the mechanical stability of the con¬ 
ductor arrangement. 

Another possibility which we have 
chosen uses transmission line conductors 
passing through the sample holder plates, 
without change in diameter. Both back 
and front plate of sample act in this case 
as lumped capacitors as long as their thick¬ 
ness is very small compared to the elec¬ 
trical wave length. The influence of the 
back plate is adjusted for by taking into 
account that each mm of the plate 
replaces e P mm transmission line 
section (e P permittivity of sample plates) 
and by adjusting the X/4 section in back 
of the sample, which is required for in¬ 


finite load, to the front of the back plate, 
as indicated in Fig. 5. The capacity of 
the front plate has a value which may be 
considered in form of a quantity /□= 
( € p l)-0 where D is the thickness of the 

plate. It has been shown 7 that the effect 
of this quantity is corrected in any meas¬ 
urement of conductance G and capacity 
C when the quantity l in equations 3 is 
replaced by l 1$ and when the product 
ZuC or the value 2r d/Xe thus obtained is 
reduced by tan 2 *VX. (See Fig. 5.) It 
should be pointed out that neglect of this 
correction in I, even though it is small, 
may yield major errors in e* if not con¬ 
sidered. This is especially true whenever 
«* is large enough so that tan 2vl/\ be¬ 
comes more than linearly dependent upon 
its argument. 

Accuracy of Measurement 

The accuracy with which final results 
are obtained, depends upon the accuracy 
of electrical registration and mechanical 
positioning. The latter is, in general, 
about 0.1 mm and can be increased to 
0.01 mm with micrometer drive. Regis¬ 
tration of current and voltage ampli¬ 
tudes may be assumed accurate within 
about 1 per cent under favorable con¬ 
ditions. This is a much more severe 
limitation than those on mec hani c al 
grounds, at least in all such cases where 
the dielectric losses are large enough so 
that W exceeds a value of about 0.01. 
In Fig. 6, resonance peak, obtained by im¬ 
pedance measurements employing reso¬ 
nance techniques 8 ' 9 and voltage mini¬ 


mum, as observed by measurement 
of the voltage pattern in front of the di¬ 
electric sample, 1 are demonstrated. In 
both cases the width of the resonance 
curve or minimum, as determined 3 deci¬ 
bels (db) below peak or above minimum 
and characterized by B, are identical with 
each other. They are related to W by 
the equation 



X 


The accuracy of the value B is therefore, 
for practical purposes, Fig. 6(A), identical 
with the accuracy obtained in W. In the 
resonance curve method, Fig. 6(A), the 
tangent at the 3-db points passes through 
the resonance peak whenever sin" 1 
2rx/\ can be replaced by 2wx/\. Under 
the same assumption the tangent through 
the 3-db points of the voltage pattern, 
Fig. 6(B), passes through the abscissa for 
X—0. The relative accuracy in the 
bandwidth is therefore identical with the 
accuracy in the amplitude readings. As a 
result, the accuracy in W is about 1 per 
cent. 

The accuracy in l, i.e. the accuracy 
with which peak of resonance curve or 
minimum of voltage pattern can be de¬ 
tected is derived as follows: Peak or mini¬ 
mum are most accurately determined by 
the 3-db points. This follows from the 
fact that the curves are symmetrical and 
that the change in amplitude with x 
is pronounced at the 3-db points, while it 
is zero in peak and minimum. The abso¬ 
lute accuracy in the peak and minimum 
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location is therefore given by the accuracy 
in amplitude reading and the band- 
with. The relative accuracy in l 
is identical with the relative accuracy 
in bandwidth multiplied by the ratio 
21/B. If the dielectric constant and 
losses are such that the approximations 
in equations 3 can be used, the relative 
accuracy of permittivity e is tan 8 per 
cent, while the relative accuracy of e tan 5 
is about 1 per cent. 

Of further interest is the accuracy re¬ 
quired in the adjustment of the X/4 sec¬ 
tion in back of the sample holder. Fig. 7 
shows that the effect of an erroneous set¬ 
ting of this X/4 section appears more or 
less reduced in the corresponding change 
in front of the sample. This is under¬ 
standable in view of the fact that only 
part of the energy, which hits the sample, 
passes through to the X/4 section. Both 
error in X/4 setting and change in / are, 
of course, identical if the sample holder 
is not loaded with material, as shown in 


the graph. The effect of errors in X/4 
adjustment on the bandwidth are negli¬ 
gible as shown in the dependence of the 
bandwidth on the X/4 setting. It is 
therefore sufficient to adjust the X/4 sec¬ 
tion with the same accuracy as desired in 
l. This is done in our case with a set of 
micrometers exact to 0.03 mm. The 
wave length X itself is determined in ex¬ 
periments without the sample holder in 
the transmission line. The oscillator fre¬ 
quency must be controlled by accurate 
frequency meters to insure its stability 
and reproducibility with an accuracy 
which corresponds to the desired accuracy 
in l. This is achieved with a frequency 
meter which reads exactly to one part in 
10 , 000 . 
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A Magnetically Regulated Portable 
Battery Charger 
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I N CONNECTION with the develop¬ 
ment of military communications 
equipment for field application, a set of 
electrical and mechanical requirements 
was established for a regulated power sup¬ 
ply for battery charging and floating serv¬ 
ice which was particularly unusual for 
equipment of this type. Mechanically, a 
portable unit was required with the size 
and weight to be kept to a minimum. 
At the same same, extreme ruggedness 
and reliability were necessary to meet the 
rough treatment anticipated in field oper¬ 
ation. 

Electrically, the charger was to oper¬ 
ate from single-phase power services of 
95 to 130 or 190 to 260 volts, 50 or 60 
cycles. A nominal d-c output of 50 volts 
at 10 amperes was required for floating a 
24-eell high-gravity storage battery, and 
an output of 60 volts at reduced current 
was required for applying an equalizing 
charge. 

Extreme accuracy of voltage regulation 
could not be justified, since the life of a 
high-gravity battery is not related to the 


stability of the floating voltage to any 
great degree. However, reasonably good 
output voltage regulation was required 
for variations of ±5 per cent from the 
average in input voltage, ±3 per cent in 
input frequency, load variations from no 
load to full load, and ambient tempera¬ 
ture variations from —10 to +50 de¬ 
grees centigrade. The output noise level 
at the battery was required to be less than 
20 decibels (above reference noise, ad¬ 
justed for FI A line weighting) with three 
chargers operating in parallel at rated 
full load. The charger was required to 
be self-protecting against current over¬ 
loads resulting from low battery voltages 
following a primary power failure. 

The stress on ruggedness and reliability 
indicated that a design combining a sele- 
niuim rectifier with magnetic control would 
be most suitable. A rectifier curcuit of 
this type had been developed previously 
for Bell system application in charging 
and floating batteries associated with 
TD-2 microwave radio repeater stations. 1 
Experience with the earlier design indi¬ 


cated that the specified requirements of 
load regulation, ambient temperature 
range, overload protection, and filtering 
could be met quite readily. 

The only serious drawback to the earlier 
design lies in the f erroresonant type of line 
regulation employed. This circuit is in¬ 
herently sensitive to changes in input 
frequency, with the output voltage vary¬ 
ing from about l l /t to 2 per cent for a 1- 
per-cent change in frequency. The port¬ 
able charger would be supplied in most 
cases from engine alternators having rela¬ 
tively poor frequency regulation as com¬ 
pared to commercial power. The design 
of a new line regulator circuit less sensi¬ 
tive to input frequency changes was there¬ 
fore undertaken. 

The circuit used, as shown in Fig. 1, 
is an adaptation of the previous design, 
utilizing a self-saturating magnetic am¬ 
plifier for line regulation in place of the 
ferroresonant line regulator, and incorpo¬ 
rating several other features to permit 
operation under the wide range of input 

Paper 54-416, recommended by the AIEE Metallic 
Rectifiers Committee and approved by the AIEE 
Committee on Technical Operations for presenta¬ 
tion at the AIEE Fall General Meeting, Chicago, 
Ill., October 11-15, 1964. Manuscript submitted 
July 20, 1954; made available for printing August 
20, 1954. 

R. E. D. Anderson is with Bell Telephone Labora¬ 
tories, Inc., New York, N. Y. 

The principle of the line regulator portion of the 
circuit was originated by D. H. Smith. The mechan¬ 
ical design of the charger and the coil designs 
were the responsibility of R. R. Gay and A. B. 
Haines respectively and their associates. 
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voltage and frequency and to provide the 
two output voltages required. 

Description of Operation 

To accommodate the extreme vari¬ 
ations in line voltage, autotransformer 
T1 permits operation from nominal in¬ 
puts of either 115 or 230 volts merely by 
the closing of the proper input circuit 
breaker. Average input voltages any¬ 
where in the ranges 95 to 130 or 190 to 260 
volts are further adjusted to the optimum 
value of about 115 volts by means of the 
several taps on the autotransformer in 
conjunction with the tap switch and input 
voltmeter. The line regulating circuit, 
as described later, then need only com¬ 
pensate for fluctuations of ±5 per cent 
from the average value of line voltage. 

The basic regulating circuit conists of a 
saturable transformer T2 connected in 
series with a fixed ballast reactor LI 
across the adjusted a-c input line. The 
secondary windings of the saturable trans¬ 
former supply power to the main rectifier 
and filter circuits which are thereby insu¬ 
lated from the input power services. 
Regulation is achieved by varying the a-c 
impedance of T2 through control of the 
currents in its d-c windings. Neglecting 
wave form and phase relationships for 
simplicity, the input voltage applied to 
LI and T2 in series may be considered as 
dividing across each in proportion to their 
impedances. The voltage applied to the 
main rectifier circuit may then be con¬ 
sidered to be directly proportional to the 
impedance of T2. 
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The "shunt d-c” and "series d-c” 
windings on T2 are oppositely poled. 
The charger load current passes through 
the series winding while the current in the 
shunt winding is derived from the line 


regulator circuit. With no external 
load connected to the charger, the d-c 
ampere-turns caused by the shunt 
winding predominate over the am¬ 
pere-turns of the series winding by 
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a considerable amount. The net d-c 
'flux saturates the core of T2 and results 
in a relatively low impedance. As load 
current is drawn from the charger the 
series ampere-turns increase and, since 
they oppose the shunt ampere-turns, the 
net d-c flux decreases. The resulting 
increase in the a-c impedance of T2 with 
load provides increased secondary voltage 
to the rectifier stack to compensate for 
the increased voltage drops in the recti¬ 
fier and filter. Taps on the series wind¬ 
ing are provided to adjust the degree of 
load compounding to accommodate 
manufacturing variations and aging of 
the selenium stack CR1. To simplify 
parallel operation of chargers, the taps 
are adjusted so that the unit is somewhat 
undercompounded. 

With nominal input line voltage and at 
a load current slightly in excess of the 
rated full load, the series and shunt am¬ 
pere-turns become equal and the net d-c 
flux is zero. As the load current is in¬ 
creased beyond this point, the circuit acts 
to reduce the output voltage sharply to 
protect the charger from harmful over¬ 
load. Since the series ampere-turns now 
predominate, an increase in load current 
causes an increase in net d-c flux. The 
impedance of T2, therefore, decreases and 
the resulting loss in voltage applied to the 
rectifier, together with the increased 
filter losses, causes the output voltage to 
be reduced rapidly. In addition, the re¬ 
duction of output voltage acts on the 
line regulator circuit to reduce the shunt 
ampere-turns, thereby increasing the net 
d-c saturation even further and resulting 
in practically constant current operation, 
as can be seen in Fig. 2. This feature 
permits an unattended charger to be con¬ 
nected to a discharged battery after a 


period of a-c power failure without dam¬ 
age to the charger from overloading. 

Line Regulation 

The line regulator circuit consists essen¬ 
tially of the self-saturating magnetic am¬ 
plifier circuit, made up of regulator L2 
and rectifier stacks CR2 and CR3. The 
output is filtered and passes through the 
float-charge switch and a temperature- 
compensating network to supply d-c cur¬ 
rent for the shunt winding of saturable 
transformer T2. 

The current in the d-c control winding 
on L2 is fed back from the charger output 
through potentiometer designated “out¬ 
put volts adj.” The control winding is 
poled so that its ampere-turns aid the 
ampere-turns caused by self-saturation 
in the load windings. 

The line regulator circuit is connected 
across the adjusted a-c input voltage to 
the main rectifier. Line voltage swings, 
therefore, result in variations in the 
ampere-turns in the shunt winding of T2. 
As the line voltage increases, the voltage 
across both the ballast reactor LI and the 
primary winding of T2 would normally 
increase. However, the increased line 
voltage increases the net d-c flux in T2 
as a result of the increase in shunt ampere- 
turns. The corresponding reduction in 
a-c impedance of T2 causes most of the in¬ 
crease in line voltage to be absorbed 
across the ballast reactor and the voltage 
applied to the main rectifier remains sub¬ 
stantially constant. When the line volt¬ 
age decreases, the opposite effect occurs, 
with the drop across the ballast reactor 
being reduced to keep the transformer 
voltage constant. 

The degree of line compounding is ad¬ 


justed by varying the potentiometer 
designated “line comp adj.” For a given 
change in line voltage the change in shunt 
ampere-turns in T2 is reduced as the re¬ 
sistance of the potentiometer is increased. 

As noted in the foregoing, the net d-c 
flux in T2 decreases with load current, be¬ 
cause of the increase in current in the 
series winding. Since the changes in 
shunt current are substantially independ¬ 
ent of the load, the effect of the line regu¬ 
lator on the net flux becomes greater as 
the load increases. The “line comp, 
adj.” potentiometer is, therefore, ad¬ 
justed to give optimum line compounding 
at about half load, with the circuit being 
somewhat undercompounded for line 
changes at lesser loads and over¬ 
compounded as the load is increased. 

The signal fed back from the charger 
output to the control winding of L2 acts 
to aid regulation of the output voltage for 
both line and load changes, e.g., an in¬ 
crease in output voltage causes an in¬ 
crease in d-c ampere-turns on L2 due to 
the control winding. Since the control 
winding is poled to aid the self-saturation 
of the load windings, this has the effect of 
reducing the impedance of the load wind¬ 
ings and of increasing the output current 
of the line regulator circuit. At charger 
load currents of less than rated full load, 
the resulting increased current in the 
shunt winding of T2 produces a greater 
net d-c saturation of its core and corre¬ 
sponding reduction in the charger output 
voltage. Similarly, the reduced current 
in the control winding of L2 resulting 
from a drop in output voltage tends to 
raise the output as long as the d-c ampere- 
turns in the shunt winding of T2 predomi¬ 
nate over the series winding. At loads in 
excess of rated full load, the decreased 
shunt winding current increases the net 
d-c saturation of T2 and increases the 


Fig. 3 (left). Front view 

Fig. 4 (below). Top view with carrying case removed 
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slope of the “droop” portion of the regu¬ 
lation curve. 

Variations in ambient temperature tend 
to cause an inverse variation in the shunt 
current in T2 caused by changes in the 
resistance of the windings of L2 and T2. 
The charger output voltage therefore 
tends to rise with an increase in ambient 
temperature, caused by the decreased 
shunt current and resulting increased a-c 
impedance of T2. To offset this effect, 
the negative temperature coefficient of 
thermistor RT is utilized in the shunt cur¬ 
rent loop. The parallel resistor R1 
adapts the thermistor characteristics to 
the needs of the circuit. 

Operation of the float-charge switch to 
the charge position removes a short cir¬ 
cuit from the R2 resistor which is also in 
the shunt current loop. The resulting 
decrease in shunt current increases the 
a-c impedance of T2 and raises the charger 
output voltage to a nominal 60 volts for 
use in applying an equalizing charge to 
the battery. Finer adjustment of the 
output voltage in both the float and 
charge conditions is supplied by the 
“output volts adj” potentiometer in 
series with the d-c control winding of L2. 

Mechanical Design 

A welded aluminum chassis is utilized 
to provide the ruggedness required with 
minimum weight. To keep the rectifier 
stacks as small as possible, forced air cool¬ 
ing is employed. Also, all coils are de¬ 


signed with class-# insulation and tem¬ 
perature rises run as high as possible, con¬ 
sistent with the circuit requirements, to 
minimize the weight of the charger. The 
chassis is fastened to a field-carrying case 
through a shock mount framework, and 
the complete assembly has successfully 
been subjected to severe shock and bounce 
testing. The combined weight of the 
charger and carrying case is 265 pounds. 
The overall dimensions are 21 s / 4 by 
26 7 / 8 by 17V4 inches. Fig. 3 is a front 
view of the unit mounted in the carrying 
case and Fig. 4 is a top view showing the 
internal chassis construction. 

Performance 

As illustrated in Fig. 2, the output volt¬ 
age regulation of the charger for float 
operation is less than ±4 per cent for 
loads from no load to 10 amperes, and 
input line voltage variations of 
±0 per cent from any nominal values in 
the ranges from 95 to 130 or 190 to 260 
volts, at either 50 or 60 cycles. In the 
charge condition, the reduced current in 
the shunt d-c winding of T2 effectively 
results in an increase in the load com¬ 
pounding and a decrease in the line com¬ 
pounding, but the over-all regulation is 
within the same limit. The reduced cur¬ 
rent also causes the overload droop point 
to occur at a lesser load current than in 
float operation since this occurs when the 
shunt and series ampere-turns are equal. 
Line voltage variations have a similar 


effect in both the float and charge con¬ 
ditions as a result of corresponding 
changes in the shunt current. The rela¬ 
tive steepness of the constant-current por¬ 
tion of the curves as compared to earlier 
designs nullifies the effect of the shift in 
the droop point. 

A 2-position tap switch is provided for 
adjusting the circuit for operation from 
either 50- or 60-cycle supplies. The 
switch selects taps on the windings of LI 
and L2. For variations of ±3 per cent 
from either nominal frequency, the output 
voltage at rated loads varies less than ±3 
per cent. This represents about a 2-to-l 
improvement over the ferroresonant type 
of line regulator circuit. 

The temperature compensation circuit 
limits variations in output voltage to less 
than ± 1 per cent for ambient tempera¬ 
ture variations of ±30 degrees from the 
optimum ambient of -(-20 degrees centi¬ 
grade. 

The components and techniques used in 
this design result in a charger which meets 
the electrical requirements of good output 
voltage regulation for extreme input con¬ 
ditions, and also the mechanical require¬ 
ments of minimum size and weight con¬ 
sistent with dependability and rugged¬ 
ness. 

Reference 

1. Automatic Regulation op Metallic Recti¬ 
fiers by Magnetic Control, D. H. Smith. 
AIEE Transactions, vol. 71, pt. I, Jan. 1052, pp. 


Saturating Transformer Reference Circuit 

W. G. EVANS 

ASSOCIATE MEMBER AIEE 


Synopsis: The theory of operation of a 
static magnetic reference device is de¬ 
scribed. Test results for a practical example 
show that an output of 15=fc0.2 milliampere 
into a 50-ohm resistive load can be obtained 
for an input of 100 to 140 volts, 360 to 440 
cycles per second, from —55 degrees 
centigrade (C) to +100 C ambient tempera¬ 
ture. The power input to the device is 
5 watts. 

I N REGULATING and control systems 
the quantity to be controlled is often 
compared to a reference quantity. The 
difference or error is used to actuate a 
correction system which tends to main¬ 
tain the controlled quantity at a fixed 
value. The reference quantity may be 


some physical constant such as the 
modulus of elasticity of a spring, e.g., 
the spring holding the carbon stack in a 
carbon-pile regulator. In electric systems 
the reference quantity can be a voltage 
or current. In a voltage regulator the 
line voltage can be compared to a ref¬ 
erence voltage or current and the error 
can be used to control the generator 
field in order to maintain the line voltage 
constant as the generator load is varied. 
If the input to the reference is supplied 
from the generator output or an auxiliary 
power source, the reference output has to 
remain constant as the magnitude and 
frequency of the input voltage vary. 
The reference must also be unaffected 


by the ambient temperature. Any 
variation in the reference output will 
cause the generator voltage to vary. 

Gas discharge tubes, nonlinear heated 
metallic elements, nonlinear resistor and 
inductor elements, and batteries have 
been used as reference devices. This 
paper describes a magnetic reference 
device which provides relatively constant 
output current when the magnitude and 
frequency of the input voltage are varied. 
The reference is made from static com¬ 
ponents and requires no electron tubes 
or heated nonlinear metallic elements. 
Output of the reference remains relatively 
constant as the ambient temperature is 
varied. 


Paper 54-388, recommended by the AIEE Magnetic 
Amplifiers Committee and approved by the AIEB 
Committee on Technical Operations for presenta¬ 
tion at the AIEE Pall General Meeting, Chicago, 
UL, October 11—15, 1954. Manuscript submitted 
June 17, 1954; made available for printing August 
24, 1954. 

W. G. Evans is with Westinghouse Electric 
Corporation, East Pittsburgh, Pa. 


610 


Evans—Saturating Transformer Reference Circuit 


January 1955 


S 














Fig. 4. Wave forms across current limiting 
resistor and load resistor 



VOLTAGE ACROSS 
SATURATING 
TRANSFORMER 


Fig. 5. Circuit for data of Table I 

in the literature and experience indicates 
that for any given temperature in the 
range -60 C to +100 C & for these 
materials -will not vary with timp in a 
manner that is observable in reference 
devices designed for 0.1-per-cent ac¬ 
curacy. 

Saturating Transformer Design 
Factors 

Equations necessary for the design of 
a saturating transformer circuit can be 


derived from the basic equation 1 and 
other a-c circuit principles. After the 
core of a saturating transformer saturates, 
the remainder of the line voltage will 
appear across the current limiting resistor 
and power is dissipated. The power 
dissipated in the resistor R of Fig. 3(A) 
is 



By definition the rms value of a wave is 



The typical wave form of voltage 
across the input resistance of an unl oaded 
saturating transformer is shown in 
Fig. 3(B). Here again exciting current 
is considered negligible. The rms value 
of such a wave is 


"Vi 


sin* uOd.0 


For example, if the transformer saturates 
at 90 degrees, then is E m /2. As 
the. transformer is loaded, voltage is 
dropped across R before the transformer 
saturates, and for a resistive load on the 
transformer a typical wave shape across 
R is as shown in Fig. 3(C). The rms 
value of such a wave form is 


Table I. Relation Between Time of Cycle 
for Saturation, Peak Voltage of Input, and 
Peak Voltage Across an Ideal Unloaded 
Saturating Transformer 


0 

Em 1 

Ep' 

ir/8. 

v/4. 

.13.2 . 

. 3.4 . 

.5.1 

% 4 

3«r/8. 

. 1.6 . 

.1.5 

*r/2. 

. 1.0 . 

1 0 

5t/8. 

. 0.72 

0 67 

3ir/4. 

. 0.58. 

.0.42 

7r/8.. 

. 0.52. 



where 

9 ° angle of input voltage when core saturates 
Em.' "ratio of the peak input voltage required for 
saturation at some value of 0 radians to 
the peak input voltage required for satura¬ 
tion at */2 radians 

Ep' «= ratio of the peak voltage Ep across a saturat¬ 
ing transformer for some value of 6 radians 
to Ep at 0 equals w/2 radians 

transformer to saturate at a given angle 
in the cycle, the supply voltage can be 
calculated, of if the supply is known, 
the angle ©f saturation can be determined. 
In Fig. 4 wave forms for a saturating 
transformer circuit with resistive load 
are shown. From equation 1 and the 
transformer design, the volt-second area 
in the output is equal to 2N„(f> s 10- & . 
In Fig. 4, areas A u As, and A 3 are volt- 
second areas appearing across the current 
limiting resistor, the load resistor, and 
the input terminals respectively 




JEmt* sin* u0dff-{- 


Aa—Ai=Ai =2 jVtffolO - * (7> 

(All quantities referred to secondary) 


r \ 

P0 J /»! 

1 Em j* sin 2 uddd J (6) 

I - Em' sin O30d0— j 

/Si / 

Jo 03 Jo 


In the design of a saturating trans¬ 
former, the supply voltage must be great 
enough to allow for the drop across R 
before the core saturates. Before satura¬ 
tion the transformer is a linear trans¬ 
former, and current flows in the primary 
and secondary due to the load in the 
output. If it is desired to cause the 


sin o>ddd=2N s <l> s l0~ 8 (8) 
Em'/ R' R> \ 

T\FFsI C 0S “ 9 - C0 s “ , -F^ + V 

~2NM0-‘ (S>> 

If Rl is a load made up of resistance, 
capacitance, and inductance, the waves 
shape across R will be different, but 




voltage constant (57Vm») frequency cps 
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Table II. Vo Versus Vi lor Various Values 
of Rl- Constant Frequency 400 Cycles 
per Second 


Vi 

RMS 

Vo Average 
(Rl-“) 

Vo Average 
(Rl = 20,000) 

V 0 Average 
(Rl = 2,000) 

60.. 

... 93.60 ... 

... 88.50 ... 

... 54.34 

60.. 

...102.80*... 

...103.26*... 

... 71.10 

70.. 

...103.34 ... 

...103.34 ... 

... 83.02 

90.. 

...103.42 ... 

...103.36 ... 

...103.14* 

110.. 

...103.52 ... 

...103.38 ... 

...103.20 

130.. 

...103.62 ... 

...103.39 ... 

...103.21 

150.. 

...103.78 ... 

...103.41 ... 

...103.22 


* Saturation occurs. 


equation 7 can be used to find the input 
voltage or the angle of saturation. If 
the angle of saturation and E m are 
known for an input voltage as in Fig. 
4(B), the peak value of voltage on the 
output of an unloaded saturating trans¬ 
former is simply 

Ep*=Em sin <ad (10) 

Equation 10 is valid for 0 equal to values 
up to ir/2 radians. From w/2 to x 
radians, E v is equal to E m . When the 
transformer is loaded, E v is reduced by 
the voltage drop across R, the resistance 
in the input of the saturating transfor¬ 
mer. 

Table I is based upon the circuit 
shown in Fig. 6. This table shows the 
relation between time of cycle for satura¬ 
tion, peak value of input voltage, and 
peak voltage across a saturating trans¬ 
former calculated from equations 9 and 
10. The table is for an ideal saturating 
transformer, but experimental data 
closely verify the table. Table I shows 
that the peak input voltage E m must 


(A) 

T L 



r l« x l 


rise to a very high value as compared to 
E m for 0 equal to r/2 if the core is to 
saturate early in the input cycle. Since 
the power lost in the limiting resistor 
varies approximately as the square of 
the input voltage divided by the limiting 
resistance, the power lost in the limi tin g 
resistance will increase greatly as 6 
decreases. 

To check the average output of a 
saturating transformer, an accurate meas¬ 
uring system is required. Since the 
average output of a saturating trans¬ 
former will vary only slightly if frequency 
is constant, an expanded scale meter or 
a meter capable of indicating a change of 
1 part in 1,000 is needed. Fig. 6 shows 
a system which may be used to measure 
the average value of a symmetrical 
chopped sine wave. The components 
of Fig. 6 are as follows: 

T \—saturating transformer. 

R —current limiting resistor. 

Rl —load. 

T 2 —impedance matching transformer 

(linear transformer); V s to be less 
than 30 volts peak. 

Rs —10,000 ohms. 

R t —100 ohms. 

T r — CK722 Raytheon transistor. 

Rs —760 ohms (base current limiting). 

T 3 —base drive transformer; V a to be 6 
Vtjob• Base voltage and input volt¬ 
age to be synchronized. 

A slide-wire potentiometer is used to 
measure the rectified half-wave output 
of the saturating transformer. T r is 
a transistor operated as a synchronous 
switch to provide half-wave rectification. 
The transistor has a threshold voltage 
of about 1 millivolt and a forward 
resistance of about 10 ohms. Thus, 
the transistor provides accurate half¬ 
wave rectification, and the slide-wire 
potentiometer provides an accurate meas¬ 
ure of the average output voltage. 
Tables II and III and Fig. 7 are compiled 
from data taken with the metering circuit 
shown in Fig. 6. The saturating trans¬ 
former and current limiting resistor R 
connected as in Fig. 6 are as follows: 


Table III. Vo Versus Frequency. Constant 
Voltage 57Vrm» 


t. 

Cycles per 

Second 

Vo Average 
(RL” 00 ) 

360. 

.86.2 

300 . 

.71.8 

240. 

.57.2 

180. 

.42.8 

120. 

...28.2 


R —200 ohms. 

Ti—V/t by I 8 /* by 1/2 Hipernik V toroidal 
core, 2-mil strip thickness. 

N p —300 t, no. 22. 

N S '—750 t, no. 28. 

V 0 is the average value of the output 
voltage of the saturating transformer for 
various load resistances Rl and for 
Np/N a equal to 10 for T 2 . From the 
metering circuit constants, the average 
value of V 0 for the saturating transformer 
just described, neglecting losses in T 2 
and T r , is 

7# *N,1JOOO 


•average voltage (ll) 


Vo — Viv X2.02 
where 


-—“factor to convert Vm from milli- 

1,000 

volts to volts and half-wave readings 
to full-wave values 

Table II gives data for V 0 versus Vj , 
and Table III gives data for V 0 versus 
frequency. Table II shows that after 
the core saturates the input voltage may 
increase 60 per cent while the average 
output will vary about 0.1 per cent. 
Table III and Fig. 7 show that the 
average output varies linearly with 
respect to the input frequency. 

Frequency Compensation 

As pointed out previously, a saturating 
transformer is a useful reference device 
if input frequency is constant. Since 
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Fig. 8 (left). Inductance in output 
of a saturating transformer 
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Fig. 9 (right). Biased rectifier 
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the average output will vary linearly 
with frequency, a linear inductor may 
be considered as a frequency compensat¬ 
ing means as in a system in which the 
voltages and currents are sinusoidal. 
The current change in a linear inductor 
when resistance is neglected is 



In Fig. 8 a saturating transformer, 
linear inductor, and associated wave 
forms are shown. It is easily shown 
mathematically or graphically that, since 
the value of J*edt is constant in a 
saturating transformer (see equation 2) 
for variable input voltage or frequency, 
the value * of Fig. 8(C) will be constant. 
As frequency or voltage vary, the angle 
of saturation & in Fig. 8(B) will vary. 
In Fig. 8(D) the value S' will vary, 
and consequently the average value 
will vary, even though x and x/2 are 
constant. If the average value of the 
rectified output current in Fig. 8 is to 
remain constant, the current during the 
interval 8' must remain cons tan t. 

Before considering a means to keep i 
constant during the interval 6', consider 
the performance of an ideal rectifier as 
shown in Fig. 9. If the rectifier is 
subjected to direct and alternating 
voltages, the alternating current I A 
can pass through the rectifier as shown 
without impedance from the direct 
current I D if the peak value of I A is 
less than the peak value of I D . It appears 
as if I A passes through some of the 
rectifier cells in the blocking direction. 


However, the net rectifier current still 
flows through the rectifier in the forward 
direction. The rectifier appears as a 
short circuit to the direct and alternating 
currents. Rectifiers are commonly 
operated in this mode in regulator sys tems ; 
rectifiers operated in this mode are 
termed biased rectifiers. 1 The linea r 
inductance L 2 in the output circuit of 
Fig. 10 offers a means of maintaining 
relatively constant. On the curve of i 2 , 
the dotted lines show the correspon ding 
rectified values of i x . During the interval 
of time 3 to 4, e is zero, and the total 
current in the circuit will decrease at a 
rate determined by the time constant of 
the system (L x +Li)/R, where R is the 
resistance of the inductors, the trans¬ 
former secondary, the rectifier forward 
resistance, and the load. At time 4, 
e begins to change, and if the resistance 
of the system is again neglected, i\ will 
change according to 



This happens because as e causes *, to 
decrease the peak value of i x is less than 
the peak value of i 2 . The polarity of 
Li reverses from that shown in Fig. 10 
in attempting to maintain i 2 constant, 
and the system meets the requirements 
for a biased rectifier. As long as the 
rectifier is biased, the peak value of i x 
is less than the peak value of i 2 ; the 
alternating system is isolated from the 
direct system. From 4 to 5, i 2 will 
decrease at a rate determined by the 
time constant Li/R’, where R' is the 


resistance of Li, the load, and the rectifier 
forward resistance. At time 5, when 
ii and i x are again equal, the currents 
will change according to 




At time 6, the voltage e ceases to change, 
and the cycle will repeat as before. If 
the time constant of the a-c side of the 
rectifier is shorter than the time constant 
of the d-c side, at some time just after 
3 the peak value of the alternating current 
would be less than the peak value of the 
direct current, and the rectifier would 
be biased at some time between 3 and 4. 
The current in the d-c side of the rectifier 
would be determined by the time con¬ 
stant Li/R f . An important considera¬ 
tion may be noted from the foregoing 
discussion. The time constants (A+ 
Li)/R and L 2 /R' should be as long as 
possible to improve the accuracy of the 
reference when voltage and frequency 
change. Since the interval 4 to 6 will 
vary as the frequency or magnitude of 
the input voltage varies, the average 
value of ii will vary unless the time 
constants (L x +L 2 )/R and Li/R' are 
long with respect to the period of the 
input voltage. The interval 4 to 6 may 
be shortened by causing the transformer 
to saturate early in the input cycle. 

There may be some question about 
the use of resistance in the analysis of 
the circuit at some times and the, neglect 
of resistance at other times. Resistance 
could be included in equations 13 and 
14, but if the time constants of the a-c 



Fig. 10 (left). Induct¬ 
ance in rectified output 


Fig. 11 (right). Tem¬ 
perature compensated 
reference 



and d-c systems are long, the inductances 
largely determine the currents in the a-c 
and d-c systems. 

Temperature Compensation 

To function satisfactorily over the 
ambient temperature range, —60 C to 
+100 C, the reference device discussed 
in the foregoing must be modified. 
Variations of a few per cent in the re¬ 
sistance of R in Fig. 10 will not affect 
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Fig. 12. Oscil¬ 
lographs of cur¬ 
rent and voltage 
wave forms for 
circuit of Fig. 10 


the reference output. The forward and 
back resistance of commercially available 
rectifiers will change with temperature, 
but these changes have been found to 
have negligible effect upon the reference. 
Since the time constants of the a-c and 
d-c circuits are long, the small changes 
in the forward drop of the rectifiers make 
no difference in the output. The back 
leakage current is in the order of micro¬ 
amperes from —60 C to +100 C, and 
the change in leakage which does occur 
has negligible effect. The permeability 
of the inductors L\ and L 2 can be stabi¬ 
lized to ± 0.1 per cent. Copper resistance 
of the circuit has little effect on the 
reference output because the time con¬ 
stants are long. T causes the greatest 
change in the reference output. As 
noted previously in the discussion of 
saturating transformer design factors, 
the average output is directly related to 
the flux <j) s required for saturation of the 
core. If (j>i, varies, the average output 
will vary. It has been found that the 
saturation flux of Hipernik V and Delta- 
max core material varies as the tempera¬ 
ture of the core varies in a manner 
expressed by 


Since the slopes of i 2 and <f> s are equal, 
0.07 per cent per C, K 3 and K 4 are 
respectively 0.01965 and 14X10 -6 . 
Equation 19 is not linear, but i ? 3 would 
have a positive temperature coefficient. 
The slope of R& increases as T increases 
in the range from room temperature to 
100 C. Commercially available positive 
and negative temperature coefficient 
resistors are suitable for R& and R t . 

Reference Design Method 

The design of a practical reference 
may be approached by the following 
steps: 

1. Determine input magnitudes and varia¬ 
tions. Determine the output current and 
load resistance. 

2. Calculate L* in Fig. 10 to give L«/R' 
about 50 times as great as the period of the 
input voltage. L\ will have about the same 
value as L 2 for (Li+L 2 )/R about 50 times 
the period of the input. 

3. For ±10-per-ceut voltage and fre¬ 
quency variations of the supply, assume 
saturation of the transformer T at ir/2 
radians for the first calculation. Determine 
from equation 13 the peak value of the 
transformer secondary voltage. 


4. Design the transformer according to 
conventional practice. Design for satura¬ 
tion at half the nominal supply voltage and 
frequency. In cases where saturation is 
to occur at values different from ir/2 
radians, the transformer is designed to 
support a voltage in accordance with 
equation 2 . Match the input voltage and 
output voltage by selection of the proper 
tums-ratio for T. 

5. Determine the value of R for allowable 
power dissipation from equation 6 . If R 
is large enough so that voltage dropped 
before saturation is important, check the 
design per equations 7, 8 , and 9 to see that 
saturation of T is maintained at the lowest 
value of voltage and the highest value of 
frequency of the input. 

6 . Temperature compensate when neces¬ 
sary. 

7. Check accuracy of design with varia¬ 
tions in input voltage and frequency and 
variations in the ambient temperature. 

It will be noted in the foregoing sections 
and in the design method just given that 
no equations are listed to determine 
the accuracy of the reference for a given 
size, weight, and input variation. The 
accuracy of the output is mostly a func¬ 
tion of the time constants associated 
with Li and L 2 and the saturation angle 


<l>S = Kl -Kn/T 


(15) 


<j> s will decrease about 0.07 per cent per 
C increase in temperature. 

Fig. 11 shows a circuit which can lie 
used to temperature compensate the 
reference output. i 2 decreases in the 
same manner as <f> s 

h=*K 3 —K t T (16) 

ii—it+U (17) 

If Rz varies as the temperature of the 
reference varies and i? 4 is constant, u 
can be kept constant. Since i« has a 
negative temperature coefficient, R 3 must 
have a positive temperature coefficient. 
If R 3 were to remain constant, R 4 could 
have a negative temperature coefficient. 
Consider die case where i? 4 is constant. 
In Fig. 11 

*j1?3=; 4 2? 4 (18) 




Fig. 13. Magnetic amplifier voltage regulator for a-c generator 
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of T for given characteristics of Li, 
Lz, and T . Accuracy of a reference could 
be calculated as a function of these 
variables, but it is usually simpler to 
design the reference to give the longest 
possible time constants for a given size 
and weight. The earliest saturation of 
T for the power loss permitted will give 
maximum accuracy. 

Practical Examples 

A reference has been designed to illus¬ 
trate the wave forms and accuracy 
obtained in a practical device. The 
characteristics of this device are as 
follows: 

Input 

360 to 440 cycles per second. 

100 to 140 volts. 

6 watts. 

Output 

Including variations when the ambient 
temperature varies from -65 C to 100 C. 
15=1=0.2 milliampere d-c into a 50-ohm load. 

The device has a volume of 15 cubic 
inches and weighs 1.5 pounds. Wave 
forms for the reference for the circuit of 
Fig. 10 are shown in Fig. 12. These 
wave forms closely resemble the theo¬ 
retical wave forms of Fig. 10. A large 
number of reference devices designed from 
the theory discussed in this paper are in 
service in military and commercial ap¬ 
plications. 

Fig. 13 shows a production model of 
an aircraft alternating voltage regulator 
in which a static reference such as 
described in this paper has been 
employed. Hie dimensions of the regu¬ 
lator shown are approximately 13 by 


6 by 5 inches. The reference is not 
visible, but it is contained in a package 
similar to that marked with the arrow in 
the figure. 

A reference used for unattended central 
station regulator systems 3 has the follow¬ 
ing characteristics: 

Input 

105 to 120 volts. 

400 to 420 cycles per second. 

Output 

Constant within ±0.1 per cent. 

Conclusions 

The theory of operation of a new type 
of static-reference device has been de¬ 
scribed. The components involved are 
inherently rugged and reliable, and the 
reference should have a long, trouble-free 
life. The reference device is equally 
suited for military and commercial 
applications. Determination of the ac¬ 
curacy of a reference as a function of 
size, weight, input variations, and power 
loss has not been completely explored 
here. Equations can be written for 
these conditions, but for a given size 
and power loss, it is usually simpler to 
design the reference and check the 
accuracy afterwards. For maximum ac¬ 
curacy, the design of the components is 
indicated in the theory. 
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Discussion 

R. R. Jackson (National Research Council, 
Ottawa, Ontario, Canada): This is an ex¬ 
cellent description of the use of the satura¬ 
tion flux density of a square-loop material 
as a reference. 

It is interesting to compare the author’s 
device with that described by Milnes and 
Vernon 1 which uses exactly the same princi¬ 
ple. Though some differences exist in the 
means of compensation of errors attributa¬ 
ble to variations in voltage, frequency, and 
temperature, the voltage reference is derived 
from the saturating flux density of a high- 
permeability material. 

The following figures are given for the 
Milnes-Vernon device. 

For input: 104 to 127 volts; 370 to 430 
cycles per second; 7 volt-amperes. 

For output: 8 milliamperes ± 1 per cent 
into a 60-ohm load during 1,000 hours, for 
an ambient temperature variation from +15 
to +35 C, without temperature compensa¬ 
tion. 
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F. J. Ellert (General Electric Company, 
Schenectady, N.Y.): Reference circuits, 
such as those so ably described by the 
author, engender considerable interest. As 
far as the past is concerned, the paper lists 
only two items in the list of references. 
Since many readers may be interested in 
some of the historic background, I should 
like to contribute the following items. 
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The Transmission Matrix of N Alike 
Cascaded Networks 


LEO STORCH 

NONMEMBER AIEE 


Synopsis: The transmission matrix of 
AT alike cascaded networks is derived 
without the help of advanced concepts or 
theorems of matrix algebra. Thereafter, 
a bridge is provided between this more 
modem approach and the older iterative- 
parameter theory. 

T HERE are many applications which 
suggest the cascade connection of a 
number of alike networks to achieve a 
desired over-all characteristic with rela¬ 
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tively simple building blocks. While the 
compact formulation of the transfer func¬ 
tion of N cascaded symmetrical networks 
is probably fairly well known, particularly 
for image-impedance termination, this 
does not seem to be the case for a chain of 
unsymmetrical networks terminated by 
an arbitrary load impedance. Possibly, 
this is because the iterative-parameter 
formulation is unwieldy and somewhat 
obscure while the more modem publica¬ 


tions on this subject are couched in terms 
of advanced concepts and theorems of 
matrix algebra. 

In this paper the transmission matrix 
of N alike cascaded networks is developed 
by means of fairly elementary operations, 
and a bridge is provided between this 
modem approach and the older iterative- 
parameter theory. 

Over-all Transmission Matrix of 
N Alike Cascaded Networks 

If the transmission matrix 1 of a certain 
2-terminal-pair network is ||A|| (Fig. 1) 
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Im-H d 


then the transmission matrix of a cascade 
of N such networks is |[4||", provided 
they are all oriented the same way. It 
would be hard to surpass this statement 
in compactness, which must be credited 
to the formulation of the transmission 
characteristics in terms of matrix algebra. 
But, if left in this form, it still takes N—l 
repeated matrix multiplications to ex¬ 
press II^H* explicitly in terms of a, b, c, 
and d. Rather than perform these re¬ 
peated matrix multiplications, ways can 
be found to express H+l^ directly as a 
linear combination of \\A\ and the second- 
order unit matrix ||/|| for any value of N, 
where the coefficients of these two mat¬ 
rices are ordinary polynomials in (a+d). 

Two fine contributions 21 ® concerned 
with passive networks have appeared on 
this subject recently. In view of the 
probable interest in such an equation, 
even those acquainted with these refer¬ 
ences may not think it redundant to be 
presented with a more elementary deriva¬ 
tion, which possibly even has the addi¬ 
tional merit of arriving at these poly¬ 
nomials by a more direct approach. 

Summarizing briefly, Pease 2 uses the 
Cayley-Hamilton theorem to express 
||i4||* as a linear combination of |[4j| and 
||/||. On the basis of this equation, he 
intuitively assumes a general solution of 
||A|| W in terms of Tchebyscheff poly¬ 
nomials of the second kind, i.e. 


sinh I N cosh 


(a+d) ' 


sinh ^cosh -1 — ^ 

and then proves its correctness by induc¬ 
tion. Armstrong, 3 on the other hand, re¬ 
sorts to Sylvester’s theorem, which allows 
him to work out the general solution with¬ 
out the help of intuition, but this deriva¬ 
tion is probably less pleasing than Pease’s 
in other respects. The general solution 
for |[4|| w will be derived here without in¬ 
voking advanced concepts such as the 
Cayley-Hamilton theorem, Sylvester’s 
theorem, or even the characteristic equa¬ 
tion and the latent roots of a matrix. 
In a way, this method constitutes an ex¬ 
tension of the approach used in a pre¬ 
vious paper 4 to derive the transmission 
properties of N cascaded networks pos¬ 
sessing a specific configuration. The 


point of view adopted in both cases favors 
the construction of the pertinent poly¬ 
nomials by a simple recursive process 
rather than the intuitive postulation of a 
general solution and its subsequent proof 
of legitimacy by means of induction. 

Let |[4|| be multiplied by itself, i.e., 
squared 


M 2 _ a i +bc, b(a+d) 
c(a+d), d*+bc\ 


Since (a+d) is already a factor of the 
elements in one diagonal, it can be fac¬ 
tored from each element of the matrix 
after adding and subtracting ad in the 
other diagonal and splitting off a diagonal 
matrix 

M 2 _ a(a+<2), 6(a+d) _ ad—be, 0 

e(a+d), d(a+d) 0, ad—be 


|M|| 2 =(a+d)|M||-(ad-k)|jl|| (3) 

where ||/|| is the second-order unit matrix. 
When the network is bilateral, i.e., pas¬ 
sive and does not contain gyrators, ad— 
be— 1 and 

Since MhtfMWMUIMWI' for 

any integers u and v, the powers of 
||A|| may be expanded by the ordinary 
binomial theorem (y—a+d) 

lur-bMi-ikr- 


P(v)n+i—P (v)if ( 8 ' 

and 

P(v)n+i =* yP(y)N(9) 

The over-all transmission matrix of N 
alike cascaded bilateral networks is there¬ 
fore 

II^IK=^)w|MI|-Pw)w-i||/|| (*°) 

and the scalar polynomial P( V )m obeys 
the recursion equation (M>3) 

(**) 

The recursion process is started off by 
P( y )i and P ( y )2 

Pi-1 

P 2 «y 

which are derived from |^4|| l HWI an< ^ 

IW-aMHWI 

The higher order polynomials are gen¬ 
erated easily by recursion 

Pz=y*~ 1 

P t =y3-2y 
p„=y-3y+i 
Po^y 5 —4y 3 +3y 
P7=y 8 —5y 4 +6y 2 —1 
P 8 =y 7 _6/+10y 3 —4y 


£ («> ft “(o) 3 ”-(lV + ( 2 ) J ”-( 3 ) 3 ' 


(SB) 

s=.o,i,s,... 

Inasmuch as each term | l^ll 8 , r>l, may 
be re-expanded and simplified by equation 
4, it follows that, for any positive integer 
N, jpl||^ may be written as follows 

IMir=P(vwlMII -P(v)wlkll (°) 

Both P( V )jf and are ordinary scalar 
polynomials in y and are associated with 
the iV’th power of ||+||. Moreover 

P (vwlr II (?) 

by means of equation 4. Since |[A|| Ar+1 
is also equal to jP<v)jv-w|M-II—P(») w+i|Wli 
it follows that 


© 2 -y-- 

Since binomial expansions determine 
the polynomials P( y )M, it is not too far¬ 
fetched to expect binomial coefficients 
to appear in them. The pattern estab¬ 
lished by the columns in the tabulation 
of P(y)i through P ^ 8 is easily recognized 8 
and generalized for any M 

Pmm- ^ (-Df'- 1 - 5 )/'— 


For the most general linear 2-terminal- 
pair network, ad—be is not equal to 1. 
Let the value of this determinant be 
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•designated by 6. Then the polynomials 
Pit and JR# are functions of 8 as well as 
of y, since the expansions derive from 
equation 3 rather than from 4 . The equa¬ 
tions corresponding to 8 , 9 , and 12 take 
the form 

Rtf+i=*8Ptf (8A) 

Rir+i^yPif—SPtf-i (9A) 

where Pg-1, P 2 =y as before 

^ ^ (-5) a _1 “** 

>- 0 , 1 ,*,... ' 

(12A) 

The polynomials, equation 12, have re¬ 
ceived the name “Tchebyscheff poly¬ 
nomials of the second kind” in the mathe¬ 
matical literature, since they can also be 
expressed 6 as 


sinh 

i 1 

* 

n 

1 

l 

taPv* 
i- 1 

sinh 

cosh-^J 


and have certain properties which are 
interesting, but fairly immaterial as far 
as this particular application is con¬ 
cerned. The equivalence is mentioned 
here primarily since it may be useful at 
times in numerical calculations. In de¬ 
veloping pH* however, it appears pref¬ 
erable to avoid the transcendental func¬ 
tions entirely and to obtain the solution 
by simple rational operations as has been 
done here. This conclusion is corrob¬ 
orated also by the next section, which is 
devoted to the solution in terms of itera¬ 
tive parameters, i.e., hyperbolic functions. 

Iterative Parameters and the 
Over-all Transmission Matrix 
of N Alike Cascaded Networks 

Many readers may be wondering why 
several contributions have been appear¬ 
ing which deal with the transmission 
characteristics of a chain of N alike bi¬ 
lateral networks in terms of those of a 
single of these networks. After all, this 
is the job assigned in classical network 
theory to the iterative parameters of a 
network. The correct answer is probably 
that iterative parameters are very un¬ 
wieldy and uninviting. Although dis¬ 
cussed in textbooks for more than a 
quarter of a century, they have ap¬ 
parently never acquired a secure foot¬ 


hold. Johnson 7 states, as far back as 
1924, that they are of little interest . 8 It 
is intriguing, however, and indicative of 
historical continuity that a few added 
manipulations transform the iterative- 
parameter formulation of the over-all 
transmission characteristics into the j[< 4 || i ' r 
of equation 10 . 

It is a telling point that, although the 
iterative impedances Z Kl and Zk, as 
well as the propagation constant Tare 
discussed in many places, explicit ex¬ 
pressions for the general circuit param¬ 
eters a, b, c, and d in terms of the itera¬ 
tive parameters are usually not included. 
However, they may be obtained without 
difficulty from the equations expressing 
Zki. Zk 2 , and V as functions of a, b, c, and 
d. They may also be obtained, for in¬ 
stance, from the equivalent T network 9 
with the arms expressed in terms of Zk v 
Zk 2 , and T as given by Johnson 10 


a = cosh T + sinh r 

Za'i+Z/c, 

(13) 

2 sinh T 


Ztf,+Ztf 2 

(H) 

d =* cosh r - —*— Zjr * i h r 

Zx.+Z*, 

(IS) 

i ..j d>d — 1 2Z Rl Z Ki . . 

. Z K ,+Z«, smbr 

(16) 


By physical reasoning 11 it is established 
that the general circuit parameters a N , b K , 
Ctf, and dtf for N cascaded networks of 
the same type are obtained by replacing 
r by AT in equations 13 through 16 

a N = cosh sinh NT 


sinh NT 


r ^Z Kl Z Kt 

Zjci+Zjc, 

2 sinh NT 
Zki+Zki 


dtf = cosh NT- — 2 - sinh NT 

Rather than stop at this point, as is com¬ 
monly done, let Z& x and Zk % be eliminated 
immediately from b N and c N by writing 
the following 

, , sinh NT 

*""***7 < I7 > 

sinh NT 

*~ c a ShF 


cosh OT-cosh T SSMI sinh(iy-l)r 
sinh T sinh r 


it is easy to see, furthermore, that 
sinh AT sinh(2V-l)r 

(itf—a --— 

sinh r sinh r 

, sinh NT sinh ( N- 1) r 

sinh r sinh r ' J 

Since 12 

cosh T=(a+d)/2=y/2 

(smh MT )/(sinh T) may be written as a 

polynomial 6 in y 

sinh AiT „ , / M—2\ 

5Cr“-2—e-fc'-r-l" 'lx 


In view of the identity 


sinh AiT „ , /M-2\ 

cosh *- 1 -)x 

2 a/- 8 cosh ir- * 3 ^ 2 Af- ‘X 

, cosh "- 5 r~ ^~ 4 ^ 2 "- 7 cosh"- 7 r. .. 

*= 0 > 1 . 2 . ••• 

P (v)M ( 22 ) 

Therefore, there is complete agreement 
with equation 10 , as can be seen by col¬ 
lecting equations 20 , 17, 18, and 21 in 
the form of a matrix after replacing^ 
(sinh MT)/(sinh T) by P^m because of 
the identity between equations 12 and 22 

Ml*" c *‘ ■-P«Jtr|M||-P(Wjr_i||j|| 
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Acceleration Plane Method for Analysis 
of a Circuit with Nonlinear Inductance 
and Nonlinear Capacitance 


y. H. KU 

FELLOW AIEE 


Synopsis: This paper analyses the tran¬ 
sient behavior of a circuit with nonlinear 
resistance, inductance, and capacitance by 
the acceleration plane method developed 
recently by the author. 1 The method as 
extended here is able to solve a nonlinear 
differential equation of the following type: 
<f>(x)£ + f(x, x) + fi(x) = F(t). Five 
examples are given, with F(t) equal to a 
constant or a time function. Either 
4 >(x),f(x,x), orfi(x) may be gven as a graph 
plotted from experimental data. The forc¬ 
ing function F(t) may be a sine wave or 
any time function. The method owes its 
simplicity to a close relation with physical 
boundary conditions. In one example, 
the phenomenon of fcrroresonancc is ob¬ 
tained. Also the possibility of applying 
the same method to a circuit with R(t), 
L{t), and C(l) is indicated. 


I N a recent paper 1 the author developed 
an acceleration plane method by which 
a nonlinear differential equation of the 
following type can be solved 


£+/(.*. *)+/i(*) = F(t) 


x = displacement or charge 
q,x — velocity v or current i 
£ = acceleration g or di/dt 

Since acceleration is equal to dv/dt, 
where v represents velocity 

d ^=F(t)-f(v, x)-Mx)-G(t, v, x) (2) 

Dividing equation 2 by v — x 

dv G(t, v, x) F(t) —/(v, x)-fi(x) . . 


Notice that G (t, v, x) is an accelera¬ 
tion function of the most general type 
involving time function, velocity, and 
displacement in a nonlinear way. Ac- 
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cording to equation 3, a method can be 
developed of constructing the proper 
slope dv/dx in the velocity plane from the 
ratio of acceleration to velocity. 

In electrical terms 

| =E(t)-f(i, sWi (q)=G(t, i, q) (2A) 

di E(t)-f(i, q)-fi(q) G(t,i,q ) , 

- (3A) 

dq 4 t 

where £(/)=voltage as a time function. 
Notice that a circuit with nonlinear resist¬ 
ance and nonlinear capacitance can be 
treated by the method outlined in re¬ 
ference 1. 


Circuit with Nonlinear Inductance 

For a circuit with nonlinear inductance 
and constant capacitance, the differential 
equation takes the following form 


=£(0 


<j> represents the flux which is a complicated 
function of i depending on the curve of 
magnetic induction versus magnetic in¬ 
tensity (B-H curve) and reduces to Li 
for 

L = constant inductance 
j? resistance 
C —capacitance 

Keller 2 analyzed this problem by ex¬ 
pressing i as a function of the flux density 
B in a power series and checked Butler 
and Concordia’s results 8 obtained from 
differential analyzer studies. Pipes, 4 on 
the other hand, used <j> as a function of 
current i in a power series and showed an 
example by taking the first two terms of 
the series. 

The acceleration plane method as pre¬ 
sented in this paper can be applied to the 
actual case where <f> (i) is given from the 
experimental data, say, the B-H curve for 
a certain material. In the following 
discussion, <j>(i) means flux <f> as a function 
of i as plotted in the form of a graph 
(similar to the B-H curve), not necessarily 


as an explicit function or a known power 
series fitting the experimental data ap¬ 
proximately. 

Since <t> is given as a function of i in the 
form of a graph similar to the B-H curve 
(other physical problems may have simi¬ 
lar data available) the slope of d<t>/di must 
first be obtained and a plot made, see Fig. 
1. This slope move or graph will be 
denoted by Thus equation 4 be- 




*'7.+M+i’ E(0 (SA) 

at 0 

Notice that <j>' reduces to L in the con¬ 
stant inductance case where <f>—Li. If 
there is an additional constant inductance 
Li besides the nonlinear inductor, </>' can 
be replaced by <£'+£ 1 . 

Choosing <f>—L tanh i as an illustration 
and dividing both members of equation 5 
by L 

(sech*(5B) 

Notice that either equation 5(A) or 5(B) 
belongs to the general type of nonlinear 
differential equation 

<f>(x)£-\-f(.i % , x)+fi(x) = F(t) (6) 

Since equation 5(B) differs from the 
standard form given in equation 2(A) by 
the factor sech 2 4=l/c.osh 2 i, every term 
in equation 5(B) is premultiplied by 
cosh 2 i so that G(t, i, q) in equation 2(A) 
will be further generalized as an accelera¬ 
tion function. Notice that G(t, i, q ) will 
now include a term cosh 2 i[E(t)/L]. 

Thus, in general 

j~G(t, i, q)=(l/<j>')[E(t)-f(i, q)—fi(q)) 


In this particular example, <f>—L tanh i, 
and 1 /<j)’ — (cosh 2 i)/L. So 


di cosh H 
~dC L 


[E(t)-f(i, q)-fi(q)] (7A) 


If, as before, f(i, q)—Ri and fi (g)=* 
q/C, and if a—R/2L and &>o 2 =l /LC, 
equation 7(A) becomes 

cosh 2 i(^~-^—2ai—w it q) (7B) 

dt \ L / 

Since equation 2(A) has been general¬ 
ized to equation 7, equation 3(A) can 
be similarly generalized to 

di Jl/<t> f )[E(t)-f(j, q)—fi(q)] _ G(t, i, q) 
dq i i 

( 8 ) 
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Fig. 1. Flux-current graph 
and slope curves 

<£ = tar»h i 
cosh 2 i 

1 

— = cosh 2 i 


2 = 0 , i = 0, and di/dt—g—E/L = 1/0.4= 
2.5. As time goes on, the transient 
components die out, and the final steady- 
state condition gives g=di/dt-0 , i=0 
and j = EC = l(l/0.4) = 2.5 
Fow = i=i > 2, or 3, 

g = <?(l, q) s =2.5—0.5(1)—q— 2 . 0 —q 

g = G(2, 2)=2.5 —0.5(2)—2 = 1.5—g 

g = G(3, 2 ) = 2.5—0.5(3)— q^l.0—q 

Similarly, for v =i = —1 


In terms of velocity and displacement, 
this becomes 

dy {^/d>')[F(t)-f(y,x)~Mx)] G(t, v, x) 


where d>(v) is given in equation 6, and 
<fi f =d<f)/dv. 

Illustrative Example I 

The solution of a linear circuit with R, 
L, and C all constants is presented here to 
serve as a basis of comparison. For 
where L— constant inductance, 
equation 7(B) is simplified to 

di E(t) 

jr~r~ 2ai ~^ q - w 

where 

a = R/2L 
oj 0 a =l/ZC 

Noting i—q and di/dt—q and putting 
t'=w 0 t, equation 9 can be normalized to 

d*q_ E(t') dq 

dt'*** L/LC~ k dt' 2 ( 10 ) 

where 

i'^t/VLC 

k=RVc/L 

For a numerical example, i?=0.2, 
£=0.4, 1/C=0.4, and 15=1.0 such that 
LC-1, t'=t, and £=0.5. 

Equation 10 then becomes 

-+0.5i+2=2.5 (11) 

which gives 

di 2.5-0.5i-q G(i.o) g 

dq i i i (HA) 

where g represents a simplified form of the 
general acceleration function G(t, v, x) or 
G(t, i, 2 ) for F(t) = constant. 

The v—x or i—q plot can be constructed 
according to the acceleration plane 
method as follows: 

First, acceleration versus displacement 
plots or g- x plots for constant values of 


v are made. Since g=2.5-0.5 v—x ac¬ 
cording to equation 11(A), for v=« = 0 

g=G(0, 2)=2.5—0.5(0)—2=2.5 —2 

As shown iu Fig. 2, with acceleration g 
or di/dt as ordinate and displacement x or 
charge q as abscissa, the g-x curve (or 
di/dt—q plot) for v=j = o is a straight 
line passing through the following two 
points: 2=0. g- 2.5, and 2=2.5, g—0. 
In fact, these two points on the v =*=0 
line plotted on the g—x plane (or simply 
acceleration plane) represent two impor¬ 
tant boundary conditions of the physical 
problem. When a voltage is suddenly 
applied to a R, L, C series circuit at Z=0 


g = G(—1, 2)=2.5-0.5( —1)—2=3.0 —2 

From Fig. 2 it is seen that these equi- 
velocity or equicurrent curves are parallel 
straight lines on the acceleration plane 
plot. 

Although equation 11(A) gives the 
correct slope everywhere on the v—x or 
i—q plane (or simply velocity plane), this 
method differs from the isocline method in 
that there is no need of plotting all the 
possible slopes and then findin g thev —x 
curve or trajectory. This method starts 
from a given boundary condition on the 
v-x plot, say, v=j=o and *=2=0, and 
assumes an initial slope starting from the 
origin. Suppose an almost vertical slope 



Fig. 2. Construction of v—x trajectory by the acceleration plane method 
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tion to a van der Pol equation and to the 
solution of the pullout problem of a syn¬ 
chronous machine has shown that the 
proposed method has a more direct ap¬ 
proach than the isocline method. 

Illustrative Example II 

Assuming <j>=L tanh *=0.4 tanh *, 
and using the normalization process 

di 

-=cosh 2 *( 2 . 5 - 0 . 5 *-g) ( 12 ) 

which gives 

di cosh 2 *'(2.5—0.5*—< 7 ) G(j,q) g 
d Q i " i = i 

(12A) 

The v—.v or i—q plot for equation 
12(A) is given in Fig. 3. The g-x or 
( di/dt)-q plot for equation 12 is shown 
in Fig. 4. In general, it is not necessary 
to plot the acceleration displacement 
curve, or the g—x trajectory. It is 
shown here for comparison with the g~x 
trajectory of example I, as shown in 
Fig. 5. In Fig. 5, di/dt starts from 2.5, 
decreases to negative values, and then 
spirals towards 0 at 5 = 2 . 5 . In Fig. 4 
di/dt starts from 2.5, increases to as high 
a value as 63, decreases rapidly to —10, 
and then spirals to 0 at 5 = 2.5 as shown! 
The i t and q—t waves are shown in 
Fig. 6 . The general shape of the current 
wave is familiar to those who have experi¬ 
mented with oscillographic records of 
transformer inrush currents. 


Discharge of a Condenser with 
Nonlinear Inductance 

While the charging of a condenser 
through a nonlinear inductance gives a 
peculiar transient current wave, the start¬ 
ing and final boundary conditions are 
the same as those in the constant R, L, C 
case. Assuming no residual magnetism 
at the start and no initial charge, then at 
/= 0 , 5 = 0 , i = 0 , and di/dt - 2.5 as cosh 2 i= 

1 for *= 0 . As time goes on, the steady- 
state condition gives di/dt- 0 , *= 0 , 
cosh 2 « = 1 , and 5 = 2 . 5 . It would be in¬ 
teresting to make a separate plot for the 
discharge of a condenser through a non¬ 
linear inductance. It is found that by 
turning the original v-r or i-q plot up¬ 
side down and starting from #= 5 = 2 . 5 , 
exactly the same shape is obtained for 
the v— x and g—x trajectories which 
spiral toward the origin in the final steady 
state . 5 

Illustrative Example HE 

A further nonlinearity can now be in¬ 
troduced in the condenser element by 
using fi(q) instead of q/C. Again, it 
may be made dear at the beginning that 
Mq) may be any function of 5 obtained 
from experimental data. To simplify 
the example which illustrates the general 
method, however, it will be assumed that 
fiiq) (I/O sinh 5 , as outlined by Pipes.® 
Again, the whole function sinh 5 or any 
similar graph will be considered and there 


is no need for its expression in a power 
series. 

Thus, equation 10 becomes, instead of 
equation 11 

di 

—+0.5*+sinh g = 2.5 (13) 

which gives 
di 2.5—0 .5*—sinh 5 

dq i (13A) 

As this type of equation has been treated 
in reference 1 , no further illustration is 
necessary. 

However, with both variable induct¬ 
ance and capacitance elements as given 
by equation 7, the following example will 
be discussed 

-= cosh 2 *(2.5—0.5*— sinh 5 ) (14) 

di _ cosh 2 *'(2,5—0.5*— sinh 5 ) G(i, 5 ) 
d 3 * i 

(14A) 

The velocity plane plot for equation 
14(A) is shown in Fig. 7. By comparing 
Figs. 3 and 7, it may be noted that the 
v—# curve or the i—q curve for example 
III has the general shape of that for 
example II. However, as in the final 
steady state, sinh 5=2.5 gives 5=1.65, 
the focal point is decreased from 2.5 in 
example II (Fig. 3) to 1.65 in example III 
(Fig. 7). Also, the natural frequency of 
oscillation in example III is no longer 
determined by 1/VlC and also differs 



Fig. 7 (left). Velocity trajectory 

<^>(x)x+l<x+fi(x) 

= constant 


from that obtained in example II. 

The instantaneous current (or velocity) 
and charge (or displacement) values are 
plotted in Fig. 8 . It is noted that in 
Fig. 6 , the period of one complete 
cycle is about 2t, as LC is taken as 1 . 
Thus, the cosh 2 * factor (or, in general, 
1/ <f>') only affects the magnitude of the G 
function but does not affect its period of 
oscillation. However, in example III, 
even if the nonlinear inductance is re¬ 
duced to the constant case, ( 2 . 5 - 0 . 5 *- 
sinh 5 ) as a simplified G function will give 
a period of oscillation differing from 2 *r. 


Fig. 8 (right). 
I n stantaneous 
waves 

<£(*)>?+kx+ 
f/(x) = constant 
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Fig. 9 (left). 
Velocity trajec¬ 
tory 

<£(x)x-)-kx+x 

= Ei (t) 


Fig. 10 (right). 
I n stantaneous 
waves 

<^>(x)S+kx+x 

= Ei (t) 



interval from the initial instant 1=0, the 
time interval At will be given by At— 
(ffi~ffo)/(av i), or Ag=s» v (At), where i av 
may be taken as (*i+io)/2. Now since 
h = to+At, E(t ) has a definite value ac¬ 
cording to the given time function and 
Git, i, q) at the end of the first interval 
can be found. It is necessary to check 
the slope di/dq for a set of values i,q,t such 
that di/dq=G(t, i, q)/i. 

To illustrate the method with a given 
time function, it is sufficient to consider a 


As shown in Fig. 8, the period of one com¬ 
plete cycle is found to be 4 radians in¬ 
stead of 2r radians with a ratio of 2/ir for 
the two cases. In general, it can be said 
that, with an additional nonlinear element 
as a function of x or q, the period of os¬ 
cillation will be changed depending on 
the function fi(x) or (q ). 


that equation 15(A) can be solved by the 
same procedure used in solving equation 
14(A). Thus the method is, in general, 
applicable to a circuit with nonlinear re¬ 
sistance, nonlinear inductance, and non¬ 
linear capacitance. 

Illustrative Example IV 


circuit with nonlinear inductance and 
make the resistance and the capacitance 
elements constant. Once the method is 
understood, the extension to nonlinear R 
and C elements is rather straightforward. 

Assume that the time function is a full- 
wave rectified sine wave with all negative 
loops changed to positive loops. Again, 
this assumption is made for the sake of 


Effect of Variable Resistance 

In example III it has been shown how a 
circuit with variable inductance element 
and variable capacitance element can be 
treated by the acceleration plane method. 
With a variable or nonlinear resistance 
equation 14 can be modified as 

-7=* cosh t i[E/L—kf(i)— sinh q\ (15) 

at 

and equation 14(A) becomes 

di cosh 1 i[E/L — kfji) — sinh g] G(i, q) 
dq i i 

(15A) 

Since equation 1 or equation 2(A) has 
been treated in reference 1 with a damp¬ 
ing element/(v, x) or f{i, q), the nonlinear 
resistance element kf(i) can be easily 
taken into account in a circuit with con¬ 
stant inductance and nonlinear capaci¬ 
tance. With the extension of the accelera¬ 
tion plane method to include the effect of 
a nonlinear inductance element, it is seen 


A problem with nonlinear R, L, C ele¬ 
ments when a forcing function F(t) or 
£(f) is suddenly applied will now be 
solved. From equations 7 and 8 

rrGit.i, 2 )= cosh*f[£(*)/£- 
at 

kf(i)— sinh q] ( 16 ) 

di G{t, i, q) 



cosh. 2 i[Ejt)/L—kfji)— sinhg] ^ 

i 

In general, cosh 2 i can be replaced by 
and sinh q can be replaced by/i(g). 
The term E(t)/L may be designated as 
Exit). 

In finding the proper slope for di/dq in 
the velocity plane plot, the acceleration 
function Git, i, q), as givenby equation 16, 
depends upon the particular value of t 
at a given instant. If starting from 
/=0, G(0, i, q) can be found for different 
sets of values of i and q. However, for 
any assumed set of i and q after a small 


illustration. Any other time function 
may be treated in a similar manner. Fig. 
9 gives the velocity displacement or cur¬ 
rent charge plot when a circuit with non¬ 
linear inductance and constant resistance 
and capacitance is subjected to the afore¬ 
mentioned forcing function Fit ) or £(/). 
The generalized acceleration function is 
given by 

— ■=(?(<, i, g)=cosh 2 ilJS^O-0.5*—gl (17) 
at 

The slope of the i—q plot is given by 
di cosh 2 i[Eiit)—Q.5i—q] Git, i, q) 

-S=»------- \ -* 

dq i i 

(17A) 

It is of interest to compare Fig. 9 with 
Fig. 3. While in Fig. 3 the effect of a 
constant forcing function is as shown, in 
Fig. 9 the effect of the given time func¬ 
tion as a variable forcing function can be 
observed. The transient current and 
charge curves are shown in Fig. 10 where 
the voltage wave is also plotted. 
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fig. 11 (left). Velocity 
trajectory 

£(*)Sc-f-lcH-x=Ei sin t 


Fig. 12 (above). Instantaneous current 

^(x)>c+kx+x=Ei sin t 


di 


~ 2=1 cosh* t[Ex sin /-0.5*-g] =G(t, i, g) 


Effect of Sinusoidal Time Function 

The effect of the sudden application of 
a sinusoidal time function to a nonlinear 
circuit is of interest both from the theoret¬ 
ical and the practical point of view. In 
the solution of linear differential equa¬ 
tions, transformation calculus has de¬ 
veloped a theorem for obtaining an a-c 
solution when the d-c transient response 
is known. In fact, by means of super¬ 
position integrals, explicit expressions for 
the transient current caused by an arbi¬ 
trary electromotive force can be derived. 
In the nonlinear circuit, however, super¬ 
position principle cannot be readily ap¬ 
plied. Even in time-varying parameter 
circuits, special care must be taken in the 
application of the superposition principle . 7 

For a nonlinear inductive circuit, the 
phenomenon of ferroresonance has been 
observed for some time. Both experi¬ 
mental and differential analyzer studies 
have been reported . 8 This phenomenon 
comes under the general analytical de¬ 
scription of "negative damping” which is 
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found in electric circuits and machinery 
transients. 8 10 This physical phenomenon 
can be studied by the nonlinear analysis 
in the following example. 

Illustrative Example V 

Assuming the time function to be sin t, 
where t is in radians, equation 17 becomes 


(18) 

where E\=E/L and E represents the 
maximum value of the sine wave. 

The slope of the i—q plot or the v-x 
plot is given by 

di cosh* i(2.5 sin t-0.5i-o) G(t, i, q) 

<k 7 7 

(ISA) 

Notice that in both examples IV and V, 


Fig. 13. Instan¬ 
taneous waves 

<£(x)x-H<x-f-x 

= Ei sin t 
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the maximum value of the sinusoidal 
wave was taken as E= 1 , and E/L is 
equal to 2.5. 

The method of solution is just the same 
as that used in the solution of example IV 
but the result is more interesting and the 
plot more difficult because of ferroreso- 
nance. It is found that the i—q trajec¬ 
tory (or the v—x trajectory) describes a 
rather large loop dining the negative half¬ 
cycle of sin t and keeps on describing 
another large loop during the next posi¬ 
tive half-cycle of sin t. While in Figs. 3 
through 9 the trajectory is limited to the 
first and fourth quadrants, in Fig. 11 the 
trajectory swings from the fourth quad¬ 
rant to the third quadrant, continues 
from the third quadrant to the second 
quadrant, and then re-enters the first 
quadrant with the current assuming larger 
values than when it first started. The ef¬ 
fect of negative damping is thus clearly 
seen. 

The transient current is plotted in Fig. 
12. The transient charge is plotted in 
Fig. 13. The time function for the ap¬ 
plied voltage, 2.5 sin t is also plotted in 
Fig. 13. 

By comparing Figs. 9 and 11, it is seen 
that, while a regular sinusoidal voltage 
gives rise to ferroresonance and negative 
damping, the full-wave rectified sine 
wave voltage rather stabilizes the circuit 
as no ferroresonance phenomenon ap¬ 
pears. 

Remarks About Flux-Current Graph 

The graph showing the flux </> as a func¬ 
tion of the current i is shown in Fig. 1 . 
To facilitate comparison with other ana¬ 
lytical results 4>~ tanh i. According to 
the proposed method, the shape of the 
graph can be taken directly from experi¬ 
mental data, similar to the B—H curve. 
For a nonlinear inductor, the <f>—i graph 
may be also called a saturation curve, a 
term usually given to the B—H curve. 
The slope <f>'—d^/di can be plotted from 
the </>—i graph. The reciprocal of <j>' can 
also be obtained from the same <£—i 
graph. In fact, only 1 /<£' is needed in 
the solutions of the examples. In Fig. 
1 , both (/)' and 1 /<f>' are plotted with two 
different scales. For any value of i, 
1 /<p' can be read from the reciprocal slope 
curve. 

R, L, C Variable with Time 

In the solutions of equations 17(A) 
and 18(A), one term of the acceleration 
function G(t, i, q) involves the product of a 
current function f(i) and a time function 
F(t). Hence, the method given in this 


paper can be applied to any circuit with 
a nonlinear element f(i)F(t). For a re¬ 
sistance varying with time, the term Ri 
in equation 5 should be generalized to 
R(t)i. Then F(t) = R(t) and /(*) = *. 
Thus 

ii (!/»')[£-RW-g/C] 
dq i i 

(19A) 

If E =constant and (1/^0= cosh 2 i/L, 
then the most involved term in the G 
function is (cosh 2 i)iR(t) which is of the 
form f(i)F(t) as (cosh 2 i) sin t appeared in 
equation 18(A). 

Let the capacitance element be repre¬ 
sented by S(t) or 1 / C(t ). Equation 5 will 
become 

<t>’j t +R(t)i+S(t)q=E(t) (20) 

or 

(21) 

Then 

j=(W)[E-R(t)i-S(l)q]-G(t, i, q) 

(20A) 

di ( l/<t>')[E-R(t)i-S(t)q ] G (t, i, q) 

— aa.... ■ -i I- i ■■ ■ . ■ ca«-- 

dq i i 

(20B) 

or 

j=(W)[E-R(t)i-q/C(t)] - G(t, i, q) 

(21A) 

M (lWKE-Rifii-q/CQ)] G(t, i, q ) 
dq i i 

(21B) 

Next let the flux 4> be represented by 
L(t)i instead of </>(£) in equation 4. Thus, 
instead of equation 5 

[L'W+R] i+ ^E(t) (22) 

where L'(t)=dL/dt. The acceleration 
function is now given by 

j = (^^[E-W}i-q /c m -G(/, i, q) 

(22A1 

where R(t) =L'(t)+R, and C(t) is taken 
from equation 21 . 

A Generalized Solution for Nonlinear 
R, L, and C 

Let 4> = <f>(i,t) = [L(i, t)i], R becomes 
R(i, t), and q/C becomes Q(q, t). 

Then 


[!«<..)} (23) 
<f>V. t)j t +RU t)i+Q(q, t)~E(t) (24) 

at 

where t) = (dL/bi)i-\-L(l, t), and 

R'(i > t) = (bL/bt)+R(i > t). 

The acceleration function is given by 
the following 

!=[W(t, t)][E(t)-R'(i, t)-Q(q, 01 

(25) 

The slope for the velocity plane plot based 
on the acceleration plane method is in 
general 

di Jl/<i>')m)-R'(i, t)—Q(q, Ql 
dq i 

= G0 1 is) (26) 
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Analysis of Nonlinear Coupled Circuits 
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Synopsis: The method of high-order phase 
planes 1 or phase space is applied to the solu¬ 
tion of nonlinear coupled circuits. Two 
simple examples are given to illustrate the 
application of this method. In the first 
example, a nonlinear resistance is introduced 
in the primary circuit. In the second ex¬ 
ample, a nonlinear inductance is used. It is 
possible to extend the application of the 
method to circuits with nonlinear capaci¬ 
tance and nonlinear mutual inductance. 
The method is applicable to any number of 
coupled circuits with nonlinear elements in 
any of the meshes or in the coupling be¬ 
tween the meshes. 


THERE has been considerable de- 
■ velopment in recent years in the anal¬ 
ysis of nonlinear circuits and systems of 
a single degree of freedom or of a single 
loop. Also, many efforts have been made 
in solving second-order nonlinear differen¬ 
tial equations by the phase-plane method. 
The present paper proposes to use the 
method of high-order phase planes 1 or the 
method of phase space for the solution of 
nonlinear coupled circuits or for nonlinear 
systems with more than one degree of 
freedom. The nonlinear differential equa¬ 
tion thus encountered may easily reach 
third or higher orders. This method may 
also be considered as a means of solv¬ 
ing nonlinear simultaneous equatio ns 
Though the method of phase space sug¬ 
gests a geometrical or topological ap¬ 
proach, the actual analysis or solution is 
not limited to the graphical method. Thus 
high accuracy of the solution may be ob¬ 
tained with the help of computers. 


Paper 54-515, recommended by the AIEE Basic 
Sciences Committee and approved by the AIEE 
Committee on Technical Operations for presenta- 
tiou at the AIEE Fall General Meeting, Chicago, 
1954 - Manuscript submitted 
24*1954 1954 ’ made available printing August 


Y. H. Ku is with the Moore School of Electrical 
Engineering, University of Pennsylvania, Phila¬ 
delphia, Pa. 


General Outline of the Method 

Given the differential equations of 
several coupled circuits with nonlinear 
elements, it is possible in many cases to 
eliminate all equations except one, which 
becomes a nonlinear differential equation 
of a higher order, higher than the order of 
any of the original set of equations. 

Take a coupled circuit with two meshes 
or two loops, each with a resistance R and 
an inductance L and coupled by a mutual 
inductance M. While each loop by itself 
can be represented by a differential equa¬ 
tion of the first order, the differential equa¬ 
tion for the whole system is of the second 
order. Introduction of a nonlinear ele¬ 
ment in one of the loops will introduce 
nonlinearities in the differential equation, 
while the number of the degrees of free¬ 
dom increases the order of the differen¬ 
tial equation in the nonlinear case as in 
the linear case. 

Consider the two mesh or two loop 
problem again with, say, an additional 
capacitance in the secondary circuit, 
see Fig. 1. The original set of differential 
equations are 

Riii+Lipii—Mpiz^ei ( 1 ) 

R$k ~\‘L$piy-\-q i / C— Mpi\ =* 0 (2) 

where 

ii and i« =the mesh or loop currents 
2s = fi-idt = the charge in loop 2 
ei — the applied voltage in loop 1 
Ri and R »= resistances 
Li and L 2 =inductances 
M —mutual inductance 

Notice that any of the elements, R, L, or 
C, may be nonlinear. The symbol p 
stands for the time differential operator 
d/di. 

As these equations may involve non¬ 
linear elements, the method of Laplace 
transforms or operational calculus can¬ 


not be used readily and the simultaneous 
solution of these equations may be made 
as follows: 

1. If the nonlinear element is in equation 1, 
try to eliminate equation 2. If there are 
three or more simultaneous equations and 
the nonlinear element occurs in one of th e m , 
consider the equation with the nonlinear 
element as equation 1 and eliminate the rest. 

2. After eliminating equation 2, differenti¬ 
ate both sides of equation 2 with respect to 
time t. This gives equation 2(A). 

3. Assuming R. it L 2 , C, and M all linear 
constants, multiply all terms of equation 
2(A) by Mp operationally. This is the 
same as differentiating both sides of equa¬ 
tion 2(A) once again with respect to t and 
then multiply by a constant M. The result 
gives equation 2(B). 

4. Multiply the different terms in equation 
1 by the original operator before i 2 in equa¬ 
tion 2(A). Since Ry and Li may be non¬ 
linear, both Riii and Lypiy should be pre¬ 
multiplied by p or p 2 by taking the first or 
second derivative of Ryi * and Lypiy. This 
gives equation 1(A). 

5. Since the operators before i 2 in both 
equations 1(A) and 2(B) are the same, 
eliminate these terms and combine the rest 
into equation 3, which is a nonlinear equa¬ 
tion of a higher order than the order of 
either equations 1 or 2(A). 

6. If there are three or more me shes or 
loops, first get the same operators for i 2 , i 3 , 
etc., and then eliminate all terms involving 
* 2 , ii, etc., to get a high-order nonlinear 
differential equation involving ii ami its 
derivatives. 

7. If there is nonlinearity in the coupling 
element, choose different mesh or loop cur¬ 
rents so that one of the mesh or loop cur¬ 
rents passes the nonlinear coupling element 
alone. 

Similar procedures may be developed 
for the node-pair method as for the mesh 
method just outlined. 


R l L|-M L2-M R 2 



Fig. 1. Coupled circuit 
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The equations mentioned in the fore¬ 
going are 

(Rip ~\~LiP 2 ~\~ 1 / Ota— MpH\ =0 ( 2 A) 

(R$p+Zap+l/CXMp)H-HPpHi =0 ( 2 B) 


Using the mechanical analogy, consider 
.Vj as displacement, Vi as velocity, gi as ac¬ 
celeration, and hi as rate of acceleration. 
Equation 3 or 6 can then be written in the 
following form 


(R'P+Ltp*-^ 1 / CK&n+Upii) — 

(R«p-\-Lip 2 -\-l/C) ( Mp) Pi = 

(R 2 p-\-L»p 2 -\-l/C)e 1 ( 1 A) 

By adding equations 2(B) and 1(A) 

(Rip-\-L*p--\rl/ C)(Riii+Lipii) —M 2 pHi =fi 

( 3 ) 

where / x = (R 2 p-\-L 2 p 2J !r l/C)ei. 

If Ri and L\ are also linear constants, 
equation 3 can be easily solved by La¬ 
place transforms as follows 

(R*s +Lis 2 +1/0(2?! +Lis) h{s) - APs*h(s) 
^F 1 (s)^(R 2 s+L i s 2 +l/C)Ei(s) (4) 

where 

complex variable 

h(s), Fi(s), Ei(s)=the Laplace transfonns 
of fi(t) and Ci(t), and assuming 
no initial currents or charges 

It is only necessary to find the inverse 
transform of Ii(s) to get ij(/), for a given 
applied voltage e y (t). 


K(vi)hi -f F(vi,xi)gi + Fi(v u xi)vi + 

F,(x 1 )=f 1 (t) (7) 


where 

K(v i) = a function of v\ 

F(v u Xi) and Fi(vi,xi) = funtions of 
and Xi 

F s (xi) = a function of x\ 


The symbol/i (t) is the same as jfi de¬ 
fined before and depends upon e x (t) the 
applied voltage or forcing function. 

Since hi — dgi/dt and gi=dvi/dt, the 
following relation is obtained 


dgijh 

dv i gi 


( 8 ) 


This is a high-order phase plane equation 
determining the g x —trajectory in the 
gi—v i plane. It is similar to the first- 
order phase plane equation 


(h±_gi 

dxi Pi 


(9) 


Solution of a Third-Order 
Nonlinear Differential Equation 

There are two general procedures for 
solving a high-order nonlinear differential 
equation like equation 3 where either Ri 
or L\ or both may be nonlinear. One pro¬ 
cedure is to transfer all the nonlinear 
terms to the right-hand side of equation 3 
resulting in 

Z(p)ii =fi +»i ( S) 

where 

Z(p) = linear operator 
/i=as defined before 

»i=an equivalent nonlinear forcing func¬ 
tion involving i\ and its derivatives 

Solving Z(p)ii =/ x results in as a first 
approximation. After getting the first set 
of values of i\, pii, pHt, etc., the nonlinear 
function n x can be calculated. Then 
second and third approximations may be 
made for the solution of ii. 

The other procedure is to keep all the 
linear and nonlinear terms on the left 
side of equation 3 resulting in 

Z(p)ii+Ni(ii) -A (6) 

where Ni(i{) may involve a number of 
nonlinear terms such as ii 2 , (pii) 2 , (pi \) 8 , 
(Pk) (pHi), etc. 

Then equation 3 or 6 can be solved by 
the method of high-order phase planes as 
outlined in the following. 

Let ii - *x, pii =»i, pH\ =gi, and pH\—hi. 


used in the solution of second-order non¬ 
linear differential equations. 

In an unpublished 1953 AIEE Summer 
General Meeting paper the author pre¬ 
sented a solution of the following equa¬ 
tion representing a circuit with nonlinear 
inductance and capacitance 

4>( v i) gi+ F( 0 i, xi) 0 i+ Ft(xi) =fi(t) ( 10 ) 

by the acceleration plane method . 2 ' 3 
Notice that in the right-hand member of 
equation 9, g x represents acceleration, 
while 0 i represents velocity. In other 
words, gi represents the second derivative 
of Xi, and 0 ! represents the first derivative. 
The 0 i —Xi trajectory in the 0 X —*i plane 
can be determined from the ratios of g x 
and 0 i. 

While in the solution of a second-order 
nonlinear differential equation one first- 
order phase plane equation is sufficient, in 
a third-order nonlinear differential equa¬ 
tion both equations 8 and 9 are needed. 
In other words, there is a 3-dimensional 
phase space instead of a 2 -dimensional 
phase plane. In this 3-dimensional phase 
space, three sets of trajectories can be 
traced: the g—v trajectory in the g—v 
plane, the v—x trajectory in the v—x 
plane, and the g—x trajectory in the g—x 
plane. However, two trajectories are 
sufficient, and all three trajectories are 
determined when any two of them are 
known. From equations 8 and 9 

(u) 

dx i vt 


Example I 

The method of solution is given by two 
examples. Example I is for a coupled 
circuit with nonlinear resistance in the 
first mesh or loop. Equations 1 and 2 
become 

l?i(*i+*i J ) -\-Lipii — Mpk =6i (12) 

Rsis ~\~Lipi 2 ~\~Qi/C — Alpii 0 (13) 

Differentiating with respect to time 
t, equation 13 becomes 

RiPii +LspHs +i»/ C—MpHi =» 0 (14) 

Eliminating i 2 from equations 12 and 14 
the result is similar to equation 3 

{.Rip + EsP 2 ~\~ 1 / C)(Ri + Lip) ii + 

(R2P+JUp 2 +l/C)Riii 2 ~M 2 p 3 ii “jfi (IS) 

where /, = (Rsp+Lip 2 -{-l/C)ei. For e t — 
1, ft = l/C equation 15 can be written as 
follows 

(asp 2J ta 2 p 2 ArO-tp 4-flo)*i+& 2 *i(£**i) + 

b 2 (pii) 2 +b v i i (pii) +b 0 ii 2 —fi (16) 

where 

0 . 3 =LiL 2 —M 

02 = R1L2+R2L1 

Oi — R1R2 ~\~Li / C 
aa=Ri/C 
bi= 2 R 1 L 2 
bi — 2 R 1 R 2 
b 0 **Ri/C 

From equation 12 on, Ri is a constant, 
while the nonlinear resistance is given by 
-Ri(l+*i)- 

Using the notations hi, gi, and 01 to rep¬ 
resent the third, second, and first de¬ 
rivatives of Xi = it, equation 16 becomes 

aihi +(02 +62*1) gi+(ai +61*1)01+ 

6*0i 2 +6o*i 2 +ao*i=*/i (17) 

which gives 

fi —(«2 +b 2 xi)gi - (01+61*1)01— 
k _ _ b2Vi 2 —byXi 2 —aaXi ( 18 ) 

Oi 

Notice that equation 17 is a special form 
of equation 7 with K(vi) equal to a con¬ 
stant as. F(vi,xi) is given by (02+62*1), 
Fi(v h xi) is given by (<*1+61*1+6201), and 
F s (xi) is given by (flo+6o*i)*i. 

In the actual solution of this example 
equation 8 and the reciprocal form of 
equation 9 are used such that two tra¬ 
jectories gi—01 and *i—0i can be plotted 
at the same time with 01 as abscissa and 
gi and *1 as ordinates. 

The phase plane equations are 

dgi^h 
dvi gl 

fl — (Os +62*1) gl — (Oi +61*1)01 — &201 2 — 

__ 6o*i 2 —gQ*i (19) 

fljgi 
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Trajectories for example I 


used in this example. In working with 
At, a value of hi has to be assumed at the 
end of the interval and an average value 
of h has to be obtained during the interval. 
Then k tv (At) = Ag. Taking the average 
value of g results in g av (A0 = Av. Taking 
the average value of v, v &v (At) = Ax. 
However, equation 17 or 18 must be 
satisfied. By substituting in all the values 
of g, v, and x thus found into equation 18, 
a calculated value of h is obtained which 
must be compared to the assumed value 
used at the start. Suitable corrections 
are then made and a new set of calcula¬ 
tions must be made. The advantage of 
using Av instead of At is that, besides the 
initial values, the additional knowledge 
about the initial slopes of the trajectories 
is also utilized. Many ways of checking 
the intermediate slopes during the in¬ 
terval can be developed. The interested 
reader may try out his check by working 
on a first-order phase plane equation as 
given in equation 9. This problem was 
assigned to the graduate students in a 
class on nonlinear analysis, and satisfac¬ 
tory ways of determining the slope within 
a given interval have been demonstrated 
by the students themselves. 

To facilitate further discussion, the 
constants will be given simple numerical 
values. LetI?i=I? 2 =:l,Z,i=Z, 2 = 2 , M—l, 
and C-l. Assume also ej=l, hence, /, 
is also equal to 1. Equation 18 then be¬ 
comes 

l-4( 1 +*0 gi—(3 +2xi)vi — 

*-( 22 ) 

The initial values are 



Fig. 3. Trajectories for example I 


Just to complete the example, the fol¬ 
lowing relations between the p rimar y and 
secondary quantities are 

hi =2&i+( 1 + 2 * 1 ) £!-j-2»i s (24) 


dxi Vi 

dvi g, ( 2 °) 

The next step is to get all the initial 
values. With values of k h g h and vi 
known, the initial slopes of the g—v 
and x—v trajectories can be calcu¬ 
lated by the relations given in equations 
19 and 20. Suppose these slopes in the 
g—v plane and in the x—v plane are 
drawn from the initial points (gi,v 1 ) and 
(xi,vi). Taking the velocity (or first de¬ 
rivative) v as the horizontal axis, a small 
step Av can be assumed. From the 
known initial slopes 

Agi=(Vgi)i-oA»i 

Axi = (vt/gi)e- 0 Avi ( 21 ) 

Substituting the new set of values of 
gu and x x into equation 18, the corre¬ 
sponding value of hi is obtained at the end 
of the interval corresponding to Av. 
The new set of values of hi, g h v h and Xi 
will give new slopes. Here time is im¬ 
plicit. Instead of working with At, Av is 


*i = 0, V! =2/3, gi = -5/9, hi = -5/27 
*2=0, Vi = 1/3, g t = -4/9, hi = -1/27, q 3 =0 

The initial slopes are 


*--- 1 / 3 , e/s 

dv 1 gi dv 1 g\ ' 


dvt gi dvi 



As A t= Ax/ve, v can be obtained from the 
v-x trajectory, v(t) and x(t) can be plot¬ 
ted. Knowing v(t) and *(/), at any in¬ 
stant, the corresponding values of g(t) 
and k(t) can be obtained and then plotted. 
The gi—v 1 , Xi—vi, gi—v 2 , and Xi—v 2 tra¬ 
jectories for this numerical example are 
shown in Fig. 2. The h-xi, gi—Xi and 
» 2 —trajectories are shown in Fig. 3. 

Marvin Gottlieb 4 used both sets of 
phase plane equations: the first set as 
given by equations 19 and 20; the second 
set as given by equation 9 and 


dv 2 gj 

dxi~ v z ( 23 ) 


gt +»i(l +2*0 (25) 

v a =2», -f *i( 1 + Xl ) -1 (26) 

X 2 = -8gi ~(4vi+x0(l +*0 -fl (27) 

3gi+»j(l+4*i)— *i(l+ari) (28) 


It is not necessary to express the second¬ 
ary quantities in terms of primary quanti¬ 
ties only. After certain secondary quan¬ 
tities such as » 2 and * 2 are found, hi and g 2 
may be obtained in terms of some primary 
quantities and the known values of, say, 
Vi and * 2 . 

Example II 

In example II, a nonlinear inductance 
in the first mesh or loop is assumed. 
Equation 1 becomes 

d<!>\ 

■&*!+— +Mpii—Mpii = ej (29) 

Let 

<f> 1 = Li tanh = L\ct 

Then p<j> x = dfa/dt = (Lif cosh 2 ij) (pii) 
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—Lift (pii) — Lxpvi. Differentiating once, 
equation 29 becomes 

RiCpii) P(Lil 3 vi) MpHi — MpHi—Ci (30) 

where ii=de\/dt=pei. Now p(Lnfivi) = 
Lif}(g\— 2m/x 2 ) as pf3— — 2api>i. Equa¬ 
tion 30 can be written as 

RiVi+LiP{gi —2avi 2 ) -\-Mgi—Mgi =e'i (31) 

Differentiating once again, equation 31 
becomes 

•Rigi -hLif}(hi —4o»igi) 4- 

UUt-2avi*)( — 2«j8»j) ~2LipW+ 

Mh i — Mh> = ei (32) 

where ei=p%. Equation 32 can be sim¬ 
plified to 

(Z>x/3+ M) hi 4*(JRx— QapLii'i) g i + 

2pLi{2a l —j8) »i s —Mht = ex (33) 

In this example, the equation for the 
second mesh or loop is the same as equa¬ 
tion 2 with constant coefficients. Apply¬ 
ing the operator (RzP+Lip^+l/C) to 
equation 29 and eliminating the i% term 
as in equation 3 

LiiUP+M)h +(RiLt +RtL x/3 - 

QqpLiLzVi) gi -\- 20 LiLt( 2 a i —j8)t*i 3 — 
M i h+(MR 2 )gi- 2 apLiR i v 1 *-{- 

(RiR*+M/C+L#/C)vi+(Ri*d/-C 

*= (Rtfi +L 261 +?i/O = /i (34) 


Collecting terms results in 
(flj+&3i8) hi 4-(as4*&j/3 — 6<^S63t'i)gi+ 

(«i 4- M) »i — 2aPbtVi* 4* 

26j/3(2a*—j8)vi*-l-<i#5fi ®*/i (35) 

where 

a.2=(Li—M)M a\—R\Rz-\-M/ C 

bt—LiLi bi^Li/C 

at—RiLf\-RiM. (lo—Ri/C 

bi—RzRi 

The following numerical values are in¬ 
troduced: Ri—Rz=0.5,Li=M=l,Lz—2, 
C= 1, and *i = l. Then, from equation 35 

1 —(1.5 4-0.5|8 — 12at/3vi) gj — (1.254- 

j8)»i4-aj3»i*4-4/3(2a 8 —|8)Wi s —0.5a:i 

h -i+5ff 

( 36 ) 

The initial values are 

Xi=0, X2=»0, q t =0 

==2/3,1)2*= 1/3 
gi = —5/18, gt= —2/9 
fcx=67/162, ^2=31/324 
The initial slopes are 

—=—= —67/45 -31/72 

d»i gi ivz. gi 

— ■— = —12/5 — » — 3/2 

dvi gi dv j g 2 


The relations between the secondary and 


primary quantities are 
k»V2-&/4-»*/2 (37) 

g2=»,/2-f(14-i3)gi— 2a^Ki 2 (38) 

®2=Xi/24-(1+j8)»i-1 (39) 

x 2 => gi ~2g» - wa/2 (40) 

<7* =fli —2 i>2—X 2/2 (41) 


Notice that with the primary quantities 
known, g 2 and i/ 2 can be obtained first. 
The xi—vi, gi- »i, tf 2 — 1’2, and gz—% tra¬ 
jectories are shown in Fig. 4, while the 
xi—g] and x\—hi trajectories are shown in 
Fig. 5. 

Conclusion 

The method of high-order phase plane 
or phase space is applied to the solution of 
nonlinear coupled circuits. There are 
two general procedures for attacking non¬ 
linear differential equations of higher 
order than the second. While the pro¬ 
cedure of transferring all nonlinear tehns 
to the forcing-function side as additional 
forcing functions can utilize known meth¬ 
ods of Laplace transforms and opera¬ 
tional calculus, the procedure here pre¬ 
sented for the first time is based on the 
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belief that in certain problems it seems to 
be better to attack the problem as a 
whole instead of in parts. 

The present procedure is based on the 
topological or geometrical concept of a 
phase space which is not limited to three 
dimensions. In an ^-dimensional space, 
there are n-1 trajectories which represent 
the physical phenomenon which is of 
concern. If the nonlinear differential 
equation is of the third order, as given in 
examples I and II, really four quantities 

S> v > and x must be found or evaluated. 
However, a 3-dimensional space in which 
g, v, and .v values starting from the initial 
point to a final steady-state (if there is 
one) can be plotted will yield a 3 -dimen¬ 
sional trajectory which has three different 
projections on the g—v plane, the v—x 
plane, and the g—x plane. As discussed 
before, two of such trajectory projections 


axe sufficient to determine the third pro¬ 
jection. Hence, a third-order nonlinear 
differential equation is simplified for the 
solution of two first-order differential 
equations, as shown in equations 8 and 9 
or equations 19 and 20. Though the ex¬ 
amples are given for getting a third-order 
nonlinear differential equation, the 
method can be extended to high-order 
equations of the order 4 , 5 , or more. 

In general, the method here proposed is 
useful in attacking multimesh or multi¬ 
loop circuits, or systems with more than 
one degree of freedom. Problems in 
servomechanisms, aerodynamics, and nu¬ 
clear reactors are also being solved using 
the same technique. Though the method 
of phase space is topological or geomet¬ 
rical in its origin, it is entirely possible 
to do the steps analytically with the help 
of computers and thus to insure high 


speed and high accuracy at the same 
time. 
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Discussion 

R. M. Saunders (University of California, 
Berkeley, Calif.): I should like to question 
the validity of equations 1 and 2. Should 
not the statement be expanded to reflect 
the fact that L x , M, L«, and C are functions 
of current for the example used? Thus 
equations 1 and 2 should read 


v« x 



Ri *i +Liph —Mpiz+iiph — i 2 pM — <?j 

— ind't J\Jpti~\~i2plj ,— 

iipM = 0 

Regarding the application of the author’s 
results, I assume Mr. Ku considers the 
problem solved when the phase space 
portrait is obtained. Hot so with those 



of us dealing with physical systems. While 
it is true that the phase space curves do 
yield certain qualitative data regarding 
absolute and relative stability, they do not 
conveniently yield explicit solutions in 
the time domain. The performance speci¬ 
fications for systems are generally always 
couched in terms of the time domain. 
Thus, from a practical point of view, the 
phase portrait is not as easy an approach 
as some other technique. In my own 
limited experience, the step-by-step solution 
in the time domain is as easy as the method 
presented by Professor Ku. 

There is an ever-growing feeling among 
those active in the nonlinear field that 
they must resign themselves to the use of 
computers, either analogue or digital, to 
effect solutions for nonlinear differential 
equations. When one becomes involved 
in a computer study, he will stick to the 
time domain. 


Y. H. Ku:. I appreciate the discussion of 
Mr. Saunders. Regarding equations 1 and 
2 in the paper, Mr. Saunders’ suggested 
forms are more general and should be used. 
For the examples given in the paper, the 
form of equation 1 can also be used if R 
and L axe considered nonlinear. For 
example I, equation 12 gives a nonlinear 
resistance R(*i)=i?i(l-l-*i). For example 
II, by substituting L x tanh i x for <f> x in 
equation 29, one obtains d<j> x /dt^ (h/cosh 2 
h)(pii). Thus, nonlinear inductance (M+ 
Lifi) is obtained, where p stands for 
1 /cosh 2 *i. 


SOLUTION CURVE FOR X+X»0 
*■0, X*0, )C»I 


V, v V,4V a 

Fig. 6. Relation between phase plane plot and solution curves x(t) and v(t) 




Fig. 8. Solution curves vi(t) and va(t) for example I 
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Regarding the solution curves x(t) and 
v(t), they can be obtained from any given 
v-x trajectory (or the phase space portrait) 
bj r noting the relation At = Ax/v uV , where 
v av is the average value of Vi and v«, as shown 
in Fig. 6. In numerical calculations, the 
increments of Ax are tabulated as well as 
the values of the velocities (or first deriva¬ 
tives). Thus, At can be easily calculated 


and also the corresponding values of ;v, 
v, and t. The x(t) and v(t) curves for 
example I are shown in Figs. 7 and 8. 
The x(t) and v(t) curves for example II are 
shown in Figs. 9 and 10. 

In a recent paper 1 credit was given to 
me for my suggestion of the means of carry¬ 
ing out the steps of the "graphical analysis” 
by programming the analysis on a digital 


computer. I believe that the graphical 
analysis presented in this paper can also 
be suitably programmed on computers. 
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A Comparison of Metals and Ferrites for 
High-Speed Pulse Operation 

D. R. BROWN D. A. BUCK N. MENyUK 

NONMEMBER AIEE NONMEMBER AIEE NONMEMBER AIEE 


Synopsis: Metals and ferrites with rec¬ 
tangular hysteresis loops are used in mag¬ 
netic amplifiers, switching networks, and 
data-storage systems. In these appli¬ 
cations, the large-signal pulse response is 
most important. To reduce the effect of 
eddy currents, metals have been rolled to 
ultrathin gauge and high-resistivity ferrites 
have been used. By these techniques, eddy 
currents have been reduced to the point 
where relaxation effects limit the response 
time in both cases. The relative merits of 
metals and ferrites indicate that at present 
ultrathin metal-ribbon cores are better for 
stepping registers and switching circuits, 
while ferrite cores are better for use in co¬ 
incident-current memories. 

B ECAUSE of their high reliability, 
magnetic cores with rectangular hys¬ 
teresis loops are being used in high-speed 
memory and switching circuits. In these 
applications, magnetic fields which exceed 
the coercive force of the material are ap¬ 
plied as step functions (rise times of ap¬ 
proximately 0.2 microsecond). Since 
both ferrites and ultrathin metal-ribbon 


cores are frequently used, a comparison of 
their properties is of interest. This com¬ 
parison is based on magnetic materials 
which are currently available and have 
been investigated in this laboratory. 

Physical Description and Fabrication 
Technique 

Rectangular-loop metal cores are pre¬ 
pared by a process of cold-rolling and an¬ 
nealing. Eddy currents are reduced by 
rolling the magnetic metal to an ultrathin 
ribbon from which ring-shaped cores are 
made by wrapping a strip of the ribbon 
around a bobbin. Since the material is 
strain-sensitive, this wrapping usually pre¬ 
cedes the anneal. Metal cores, therefore, 
are wrapped on ceramic bobbins which are 
able to withstand the annealing tempera¬ 
ture; see Fig. 1. A typical core might 
have 40 wraps of 1/8-mil (0.000125 inch) 
molybdenum-Permalloy ribbon on a 1/8- 
inch-wide and 3/16-inch-diameter bobbin. 


Ferrites are magnetic ceramics which 
are prepared by pressing a powder into 
the desired shape and sintering it at high 
temperature. Since magnesium-man¬ 
ganese ferrites have d-c resistivities of the 
order of 10 12 that of metals, eddy-current 
effects are negligible and laminations are 
not required. Different size ferrite cores 
prepared in this way are also shown in 
Fig. 1. The smallest core shown, with an 
outside diameter 0.090 inch and inside 
diameter of 0.050 inch, is used in the coin¬ 
cident-current memory of Whirlwind I at 
the Massachusetts Institute of Tech¬ 
nology. 

Uniformity is a major problem in both 
metal-ribbon and ferrite cores. The poor 
uniformity of metal-ribbon cores has 
limited their application. However, the 
uniformity of ferrite cores has improved 
remarkably since 1952, and this improve¬ 
ment is continuing. Ferrite cores can be 
produced on a large scale at a lower cost 
than ultrathin metal-ribbon cores. For 
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Rg. t. Typical ferrite and ultrathin metal-ribbon cores 


equipment requiring a large number of 
cores, this can be a decisive factor. 

Energy-Loss Factors 

The three major energy losses upon re¬ 
versing the magnetization of a ferromag¬ 
netic core are hysteresis loss, eddy-current 
loss, and relaxation loss. The first two 
losses are familiar; the relaxation loss is 
essentially a damping loss manifested by 
the delay of the electron spin vectors in 
aligning themselves in the direction of the 
applied field. This phenomenon has been 
discussed extensively. 1-3 

Eddy Currents 

The reduction of eddy-current loss 
through the use of thinner metal ribbons 
permitted higher repetition rates until 
ultrathin ribbons below 1 mil in thickness 
were obtained. Further reduction to 
1/4-mil and 1/8-mil ribbons did not per¬ 
mit the higher repetition rate expected. 



F'S- 2. Definition of switching time 


This indicates that losses other than eddy- 
current losses are predominant. In fer¬ 
rites, high resistivities make eddv-cur- 
rent losses negligible. 

Hysteresis 

The hysteresis loss per unit volume per 
cycle of rectangular ferrites is approxi¬ 
mately equal to U,H C , where /, is the satu¬ 
ration magnetization and H c is the coercive 
force. In this case I s =B t / 4t, where B t 
is the saturation flux density in gausses, 
or electromagnetic units (emu). In mag¬ 
nesium-manganese ferrites, 1 H is approxi¬ 
mately 10 2 (emu; and If e is approximately 
1 oersted (emu); in molybdenum-Perm- 
alloy cores, I, is approximately 10 3 (emu) 
and H c is approximately 0.1 oersted 
(emu). Therefore, the hysteresis loss is 
approximately 400 ergs per centimeter 8 
per cycle in both cases. 

The Switching Coefficient 

Definition 

The switching time r of rectangular- 
loop materials is observed to be inversely 
proportional to the applied field, according 
to the relationship 

(H r —iT«' )r = 5 w (x) 

where H is the applied field, H 0 is the 
threshold field for irreversible domain-wall 
motion, and S w is a constant defined as 
the switching coefficient. The switching 
time t is defined as the time required for 


the output voltage of a magnetic core to 
go from 10 per cent of its maximum value 
through the maximum and down to 10 
per cent. This is shown in Fig. 2. The 
linear relationship expressed by equation 
1 is limited to fields sufficiently high to 
permit complete magnetization reversal of 
the ferromagnetic material. For equa¬ 
tion 1 to be valid, H must be equal to or 
greater than 2 H e . As the field is in¬ 
creased, the switching time decreases 
until the rise time of the applied field (0.2 
microsecond) becomes a sizable portion 
of r. This sets an upper limit to the 
linear relationship. However, this upper 
limit is caused by the limits of the measur¬ 
ing technique and is not a property of the 
material. 

Equation 1 can be expressed in the form 

*-t+* (2) 

which is the equation of a straight line of 
slope S w and intercept H 0 . 

Experimental Results 

Curves of the inverse switching time as 
a function of the applied field are shown 
for 1/8-mil and 1/4-mil 4-79 molyb- 
denum-Permalloy cores and for a mag¬ 
nesium-manganese-ferrite core (Ferramic 
MF-1312B) in Fig. 3; the important 
parameters are listed in Table I. Note 
that the value of Sw is of the same order 
of magnitude for materials as different as 
molybdenum-Permalloy and magnesium- 
manganese femte. This is even more 
striking in view of additional experiments 
conducted in this laboratory with other 
femtes, including magnesium-manganese 
femtes of various compositions and 
several nickel-zinc ferrites. In every 
case, the resultant S w was found to lie 
within a factor of 2 of the value given in 
the table for Ferramic MF-1312B. The 
combination of a lower threshold field and 
lower switching coefficient permits the 
4-79 molybdenum-Permalloy to switch 



~ (MICROSECONDS) 


Fig. 3. Switching characteristic* of metals 
and ferrites 
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approximately twice as fast as the ferrite 
at a given applied field value. 


Theoretical Considerations 

The experimental value of the switching 
coefficient is the sum of two effects, as 
may be expressed by the equation 

(3) 

where 5 w (r) is the contribution to the 
switching coefficient caused by relaxation 
effects, and S w (e) is the eddy-current con¬ 
tribution. These contributions to the 
switching coefficient can be related to the 
physical constants of the material by the 
equations 4 


Su,^ - 


* 

(y*I s 2 +A. s )<cos 6>J A 
A d 

7 2 Jj<COS 0> 




c iA _ tofihrn* 

“ pc 2 <cos 0>* 


(S) 


In equation 4, A represents the relaxa¬ 
tion frequency of the material, I s the 
saturation magnetization, d the maximum 
distance a domain wall moves during a 
magnetization reversal, K the effective 
anisotropy constant, y the magneto-me¬ 
chanical ratio, <cos 0> the mean value of 
the cosine of the angle between the ap¬ 
plied field and the direction of easy mag¬ 
netization, and A is the exchange param¬ 
eter. The parameters A, K, A, and d 
are unknown for the materials in question. 
However, a reasonable estimate can be 
made of A and K by comparison with the 
known values of these parameters in simi¬ 
lar materials. The distance d can be esti¬ 
mated from the grain structure of the 
material and A can be approximated by 
A~kTJa where T e is the Curie tempera¬ 
ture; k is the Boltzmann constant; and 
a is the lattice parameter. Calculations 
of Su> ir) based on these approximations 
are in agreement with experimental re¬ 
sults. 

In equation 5, valid only for thickness 
less than 1 mil, r m is one-half the ribbon 
thickness, p is the resistivity, and c is 
the velocity of light. For l/8-mil and 
1/4-mil molybdenum-Permalloy ribbon, 
lx—700 (emu), p = 6X10~ 17 statohm- 
centimeter, <cos 6> «1 (since this ma¬ 
terial is grain oriented), andr m =1.6X10“ 4 
centimeter for 1/8-mil and 3.2X10 -4 
centimeter for the 1/4-mil ribbon. Sub¬ 
stitution of these values in equation 5 
yields 


S»( 1 /8 -mil)=0.3 X10 -1 oersted-second ^ 
S w e (74 -mil) = 1.2X10^ oersted-second ^ 


Since Sw is independent of the thick¬ 
ness of the material, the variation of S u 


Table I. Switching Characteristics of Metals 
and Ferrites 


Material 

Sw, 

Oersted 

(Emu)-Seeond 

Ho, 

Oersted 

(Emu) 

1/8-mil 4-79 molybdenum- 
Permalloy. 

. .0.55X10-".. 

..0.14 

1/4-mil 4-70 molybdenum- 



Permalloy. 

..0.03X10-*.. 

. .0.14 

Ferramic MF-1312B . 

..1.02X10"*.. 

..0.52 


between 1/8-mil and 1/4-mil molyb¬ 
denum-Permalloy, as given in Table I, is 
entirely caused by the change in the 
eddy-current contribution. S w e varies 
as the square of the thickness, so 

V(V4-«ffi)=4S„VA-mil) 

and 

S w ( 74-mil) = Su, r +4S W *( 7,-mil) - 6.3 X10 ~ 7 

oersted-second 

S w ( 78-mil) - S w r +S» e ( 78-mil ) = 5.5X10“ 7 

oersted-second 

Therefore 

S w e ( 7a-mil)0.27 X10“ 7 oersted-second 
S w e ( 74-mil ) 1 .07 X10 -7 oersted-second ^ 

The theoretical and experimental re¬ 
sults in equations 6 and 7 are in reasonable 
agreement. They show that for 1/8-mil 
ribbon the eddy-current loss is reduced to 
approximately 5 per cent of the relaxa¬ 
tion loss. 


Energy Loss 

The energy loss per cubic centimeter per 
cycle is related to the switching coefficient 
by the equations 4 


eddy-current loss = 


27. <cos 0> 


relaxation loss = — S w r 

T 


Since I s is approximately 700 (emu) for 
4-79 molybdenum-Permalloy and ap¬ 
proximately 200 (emu) for magnesium- 
manganese ferrite, the total relaxation 
and eddy-current loss for these materials 
when switching in 1 microsecond is ap¬ 
proximately 770 ergs per cubic centimeter 
per cycle for the metal, and 400 ergs per 
cubic centimeter per cycle for the ferrite. 


Heating Effects 

For the applications discussed here, 
power dissipation is directly proportional 
to the repetition frequency as long as the 
peak amplitude of the applied field is un¬ 
changed. However, a complete magnet¬ 
ization reversal per half-cycle requires 
that the switching time be less than a half 
period. At higher frequencies, this neces¬ 
sitates higher applied fields and increased 


power loss. Although the power dissipa¬ 
tion per cubic centimeter per cycle of the 
metals and ferrites is comparable at room 
temperature, operation at high fre¬ 
quencies gives rise to heating effects which 
limit the operation of the magnetic core 
as a switching device. Therefore, the 
thermal behavior of ferrites and metals 
must be compared under these conditions. 

Output Signal 

The higher flux density of the metal 
ribbons permits the use of a smaller cross 
section, hence smaller volume, of metal 
than ferrite to achieve the same flux 
change. Thus, the power dissipation per 
core is somewhat smaller in the metals. 
Because of the lower switching coeffi¬ 
cient, the metals require less magneto¬ 
motive force to obtain the same time- 
rate-of-change of flux. 

Thermal Conductivity 

The thermal conductivity of molyb¬ 
denum-Permalloy is high. Therefore, 
any cooling device applied to the surface 
of the core will be effective in cooling the 
entire volume. The thermal conduc¬ 
tivity of ferrites is low, so surface cooling 
will only succeed in setting up a thermal 
gradient within the sample. 

Temperature Sensitivity 

Since molybdenum-Permalloy has a 
higher Curie temperature (460 degrees 
centigrade) than the ferrites (300 degrees 
centigrade), the metal core is less sensi¬ 
tive to small temperature changes in the 
vicinity of room temperature. For a 
specific multiposition magnetic-core 
switch a temperature rise of 90 degrees 
centigrade was found permissible for 4-79 
molybdenum-Permalloy as compared to 
a 20-degree-centigrade rise for Ferramic 
MF-1312B. 

Conclusions 

The factors noted previously favor the 
use of ultrathin metal-ribbon cores for 
stepping registers and switching circuits. 
Stepping registers using these ribbons 
have been operated up to 500,000 cycles 
per second. For high-speed coincident- 
current memory applications of the type 
introduced by J. W. Forrester, 6 ferrite 
cores are better. In this application, 
the applied field is limited to twice the 
coercive force. Because of the low coer¬ 
cive force of molybdenum-Permalloy 
cores, their use in this application is 
limited to the region of slow switching 
(switching times of from 10 to 20 micro¬ 
seconds). The higher coercive force of 
the ferrites permits switching times of the 
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order of 1 microsecond. Also, a large 
coincident-current memory requires tens 
of thousands of uniform cores. The poor 
uniformity of metal cores makes the selec¬ 
tion of this many metal cores difficult. 

Future developments may alter the 
foregoing conclusions. Ultrathin metals 
with a coercive force comparable to that 
of the ferrites have been reported, and 
improved fabrication techniques may 
overcome the uniformity problem. On 
the other hand, ferrites with a coercive 
force of 0.2 oersted have been produced, 
and progress is being made in obtaining 


ferrites of higher flux density than that of 
the magnesium-manganese ferrites dis¬ 
cussed in the foregoing. However, the 
ferrimagnetic nature of ferrites limits the 
improvement that can be made in this 
direction. Developmental work involv¬ 
ing the use of deposited and evaporated 
films is now going on in several labora¬ 
tories. This may lead to improvements 
in the near future. 
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Discussion 

H. Ekstein and T. L. Gilbert (Armour Re¬ 
search Foundation of Illinois Institute of 
Technology, Chicago, Ill.): This discussion 
concerns only the theoretical considerations 
in so far as equations 4 and 5 and the model 
from which they are derived, are applied to 
ferromagnetic alloy tapes. 

The authors have based their theory on a 
model wherein remagnetization starts by 
the formation of spikes of reversed magnet¬ 
ization at grain boundaries throughout the 
volume of the material. These spikelike re¬ 
versal domains then grow, until flux reversal 
is complete. The model was obtained by 
deductive reasoning, which may well be 
sound for quasi-static processes in poly¬ 
crystalline ferromagnetic alloys or for fer¬ 
rites. 4 It is, however, open to question 
when applied to dynamic processes in ferro¬ 
magnetic conductors. 

_ Conflicting experimental evidence is pro¬ 
vided by measurements carried out at the 
Armour Research Foundation of Illinois 
^ Institute of Technology on the dependence 
of the switching time on grain size in poly¬ 
crystalline, randomly oriented, iron tapes of 
2 -mil thickness. Two tapes were pre¬ 
pared: one with a grain count of 26 X 10 4 
grains per inch 2 (i.e., an average grain sur¬ 
face dimension of 2 mils), and another with 
a grain count of 6X10 4 grains per inch 2 
(i.e., an average grain surface dimension of 
4 mils). The switching coefficients for the 
two tapes differed by less than 5 per cent. 
One may question whether a process which 
originates only at grain boundaries should be 
nearly independent of the grain size. 

It may also be questioned whether the 
proposed nucleation process (i.e., the initial 
formation of the spikelike reversal domains) 
is a possible one. It is not certain that, in 
proceeding continuously from the initial 
domain structure of no reversal domains to 
one with cone-shaped reversal domains, the 
total domain energy decreases uniformly. 
The fact that such configurations have lower 
energy than the initial configuration does 
not eliminate this objection. The question 
is whether the nucleated configuration is ac¬ 
cessible without surmounting an energy 
barrier. 

Certain points regarding the derivation 
of equation 5 which is intended to give the 
eddy-current contribution to the switching 
coefficient, need further clarification. The 
physical picture is as follows: The motion of 


the domain walls generates eddy currents; 
these eddy currents, in turn, generate a mag¬ 
netic field which is counter to the external 
field at the domain walls, thereby decreasing 
the effective driving field, and hence the 
wall velocity. 

In deriving equation 5 from this physical 
picture, each reversal domain is treated in¬ 
dependently as though it occurred at the 
center of an alloy cylinder of radius r m . 
The decrease in the eddy-current-generated 
counter field near the surface is neglected, 
even though this decrease will (at least for 
1 -mil tapes) have such nonnegligible effect 
as: 1. allowing the reversal domains formed 
at the surface (e.g., where grain boundaries 
intersect the surface) to grow much more 
rapidly than reversal domains formed in the 
center of the tape; and 2. forcing the surface 
reversal domains to grow much faster later¬ 
ally than toward the interior. In addition, 
the eddy currents in that (preponderant) 
volume of tape which is at a distance greater 
than r m from the center of the reversal do¬ 
main are neglected, and the eddy-current 
damping of the domain wall motion is com¬ 
pletely neglected when the radius of the re¬ 
versal domain exceeds r m . 

The difficulty of treating eddy-current 
damping for the domain geometry chosen 
by the authors is such that rough approxi¬ 
mations are unavoidable; however, the ap¬ 
proximations introduced are so drastic that 
further justification is needed before equa¬ 
tion 5 can be accepted as a valid consequence 
of the model on which it is based. 

There is as yet no satisfactory theory of 
the remagnetization process in thin metallic 
tapes. 


D. R. Brown, D. A. Buck, and N. Menyuk: 
The magnetic field required for nucleation 
of domains of reverse magnetization, as 
given by Goodenough, 1 is dependent upon 
grain size. This dependence is of the form 

Hn k 60 cu) — Lm*^ 

where H n is the required nucleation field, 
a w is the domain-wall energy per unit area, 
u* is the magnetic-pole density at the grain 
boundary, and L is the mean grain diameter. 

Since the values of <r w and to* are pre¬ 
sumably unaffected by the change in grain 
size, the effect of decreasing grain size is to 
increase the field strength required for nu¬ 
cleation. In polycrystalline samples, this 
means that at a given field strength there 


will be a greater inhibition of reverse nuclea¬ 
tion within the small grains. Therefore the 
ratio of the number of nucleated reverse 
domains to the number of grains in the 
sample will be smaller for the small-grain 
sample. Hence, there is no reason for an a 
priori assumption that halving the grain 
diameter will comparably decrease the dis¬ 
tance between nucleated domains (and 
hence the switching coefficient). There is 
no doubt that there is a grain-size depend¬ 
ence of the switching coefficient. How¬ 
ever, the foregoing equation does not yield 
sufficient information to permit a mathe¬ 
matical formulation of this dependence. 

The experiment performed to determine 
grain-size dependence of the switching coeffi¬ 
cient raises a question. Since this experi¬ 
ment was conducted upon randomly oriented 
iron samples, the material presumably does 
not have a square hysteresis loop. If this is 
so, equations 4 and 5 are not applicable, 
since these equations are based on the im¬ 
plicit assumptions that Ha and d are in¬ 
dependent of the applied field. In non¬ 
square-loop materials, these assumptions are 
inadmissible. Thus, while an apparent 
linear relationship between applied field and 
inverse switching time is frequently obtaina¬ 
ble, the physical significance of the slope is 
considerably more complicated, and the in¬ 
tercept of the line is physically meaningless. 
This problem is further complicated by the 
grain-size dependence of the coercive force. 

The second point concerns the nucleation 
process. The energy configuration of two 
possible phases were considered: the first 
phase is a grain completely magnetized in a 
single direction opposed to that of the ap¬ 
plied magnetic field; the second phase is 
one in which ellipsoidal reverse domai ns 
exist within the grain. The external field 
value at which the second phase is more 
stable (i.e., the configuration with reverse 
domains has lower energy) is taken as the 
nucleation field value H n . As the discussers 
point out, no consideration was given to 
the mechanism of transfer from the higher 
to the lower energy configuration. 

However, since it is not at all certain 
that an energy barrier exists or that thermal 
energies are not sufficient to overcome this 
barrier if it does exist, the burden of proof 
must lie with experimental evidence which 
either affirms or refutes this model. Con¬ 
siderable experimental evidence confirming 
this model has been presented. 1 

The discussers raise cogent points concern:- 
ing the calculation of the eddy-current con- 
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Fig. 4. Domain configuration 


tribution to the switching coefficient. Let 
us first consider the neglect of eddy currents 
in that volume of the tape which is further 
than r m from the center of the nucleated re¬ 
gion of reverse magnetization. In view' 
of this neglect, the result given in equation 
5 , while correct for d = r m , is incomplete when 
d>r m . To complete the calculation, it is 
necessary to consider the domain configura¬ 
tion. After the walls have moved a dis¬ 
tance r m , there are cylinders of completely 
reversed magnetization within the tape 
(the vertical-line area in Fig. 4). How- 
ever, the magnetization reversal of the re¬ 
mainder of the tape must still be taken into 
account. 

The lateral motion of the domain walls 
near the surface, as noted by the discussers, 
will be much faster than motion toward the • 
interior. Therefore, the domain walls near 
the surface will rapidly spread out, and the 
neighboring walls will quickly meet (see 
dashed lines in Fig. 4). Therefore the time 
required must be considered for the collapse 
of the remaining area (the horizontal-line 
area in Fig. 4). This area has been as¬ 
sumed an ellipse of semimajor axis d—r m 
and semiminor axis r m . The calculation of 
the time required for the collapse of this el¬ 
lipse has beep carried out assuming d>2r m ; 


it was found that the result is identical with 
the time required for an expanding cylin¬ 
drical wall to move a distance r m . This is 
not surprising, since the limiting distance is 
r m in both cases. Thus, if the small time re¬ 
quired between the expanding and collaps¬ 
ing configurations is ignored, this model 
leads to a multiplying factor of 2 on the 
right-hand side of equation 5. 

The surface effects were ignored by the 
authors for the sake of simplifying the model. 
It is probable that surface nucleation is an 
important factor in ultrathin tapes. It is 
possible to determine the effect of surface 
nucleation by an assumption of a domain 
configuration which is calculable in a stand¬ 
ard co-ordinate system. However, any 
such assumption is immediately subject to 
the same criticism of oversimplification. In 
actuality there are probably both volume and 
surface nucleation of somewhat irregular 
shapes. Let us consider qualitatively what 
happens in this case. 

The lateral motion of the Bloch walls at 
the surface regions of reverse magnetiza¬ 
tion will be much more rapid than their mo¬ 
tion into the interior. The Bloch walls of 
the expanding regions of volume nucleation 
will therefore move a distance n<r m and 
contact surface domains. This then leads 
to a collapsing configuration but with semi- 
minor axis r«<r m . From this argument it 
appears that the factor of 2 introduced into 
the right-hand side is too high. Equation 
5 should read 


S u e 


8 oiir i I s r m i 
pc s <cos 0> 3 


(S') 


where 1 <a<2. 

As noted, for the sake of simplicity, these 
surface effects were ignored in the original 
calculation. In view of the limitation of the 
measuring technique (i.e., magnetic-field 
rise-time effects and switching-time defini¬ 
tion) there was never any expectation of 
achieving exact numerical agreement be¬ 
tween measured and calculated values in 
polycrystalline samples. However, this 
model does attempt to determine the pa¬ 
rameters which affect the magnetization re¬ 
versal time, and to do this quantitatively 
to an accuracy considerably greater than an 
order of magnitude. 

To check the validity of this model, one 
of the authors has studied the switching 
coefficient of ultrathin 4-79 molybdenum- 
Permalloy tapes of four thicknesses ranging 
from 1/8 to 1 mil. The results verify the 
prediction made by this model that S w is 
proportional to a constant term plus a second 
term which varies as the square of the thick¬ 
ness. The results of this experiment indi¬ 
cate that a/<cos0> 5 =1.3. In addition, 
this experiment was carried out over a tem¬ 
perature range from —196 to 270 degrees 
centigrade. It was found that, within the 
limits of independent data available, the 
variation of the switching behavior with 
temperature was in accord with theoretical 
predictions. 
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T HE foremost requirement to be met 
in the design of computers for 
operational use by the military services 
is that of providing adequate reliability 
of operation. Such equipment should 
have a mean life between failures of more 
than 6 months when operated under 
unfavorable environmental conditions. 
This degree of reliability is needed to 
insure that the equipment will inspire 
the user’s confidence in its functional 
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availability, and that the maintenance 
load under front-line conditions is kept 
within the capability of the services. 
If the designer adopts this precept, then 
he must limit the complexity of the 
equations solved in accordance with the 
inherent reliability of the computer 
components. Conventional computer ele¬ 
ments such as servos, with their vacuum- 
tube amplifiers, moving parts, and 
potentiometers, have sufficiently low 


component reliability that only simple 
computers will meet the over-all re¬ 
liability requirements. On the other 
hand, computers with this degree of 
simplicity will inadequately meet many 
job requirements. The best way out of 
this dilemma is to find new computing 
techniques which have a higher inherent 
reliability factor per unit computing 
operation performed. 

The computing techniques described 
in the following sections provide a much 
higher reliability factor than conventional 
techniques, through the use of only 
magnetic amplifiers, metallic rectifiers, 
and precision resistors. These techniques 
have the following characteristics. 1. 
A computational accuracy of about 1 per 
cent (%) per operation, with a reasonable 
manufacturing cost. 2. A high ratio of 
computing operations performed per 
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unit volume or weight. 3. A sufficiently 
short response time for a large class of 
applications. 

Experience to date in applying these 
techniques to specific computer design 
problems indicates that they should be 
readily applicable to many other military 
and industrial problems requiring the 
solution of systems of nonlinear algebraic 
equations. 

Basic Elements of Computing 
Method 

In this scheme physical variables are 
represented by direct currents which 
flow either into or out of a ground 
potential point. A current flowing into 
ground represents a positive quantity, 
while a current flowing out of ground 
represents a negative quantity. These 
currents range up to 30 milliamperes 
(ma) in value. 

Algebraic sums are obtained by a nega¬ 
tive current feedback circuit as shown in 
Fig. 1. A summation of currents flowing 
into the input terminal of the magnetic 
amplifier will give 

*=Jx-fJ 2 +... -f7„-7 0 m 


h +... +7 »-i (2) 

If the steady-state current gain of the 
magnetic amplifier is 10 s , then 

«=*JoXIO -3 /ax 


t . 0 t loq I, 1030 a 
a 1 - ww 


OUTPUT 
CURRENT, ma 
30 r 


ih at 30 ma 



■10 0 10 
CONTROL CURRENT, /ia 


CONTROL -OUTPUT- 

Fig. 4 (left). Typical transfer curve forthe magnetic 
amplifiers. Note that/ at three points the current gain Is 
infinite 

Fig. 5 (above). Magnetic amplifier circuit The cores are 
1.125 outside diameter by 0.75 inside diameter by 0.188- 
inch 2-mil toroidal Deltamax. Resistor R is set for max¬ 
imum gain 


fo-(/i+7a-|-... +7 n )(H-0.001) -1 (4) 

The output To will then be within 0.1% 
of its theoretical value. 

Computation of products, quotients, 
roots, and powers is accomplished in a 
similar manner by using the magnetic 
amplifier to sum currents that are 
proportional to the logarithms of the 
input currents. These logarithmic cur¬ 
rents are obtained by diode-resistance 
shaping networks, as indicated in Fig. 2. 
The logarithmic network indicated in 
Fig. 2 is a nonlinear impedance, which 
is so designed that the load current is 
proportional to the logarithm of the input 
curren t. Both positive and negative 
types of networks are required. Ex¬ 
ternally, the negative network looks the 
same as the positive network shown in 
Fig. 2, except that the directions of the 
input and output currents are reversed. 

A block diagram of a logarithmic 
analogue computer element is shown in 
Fig. 3. The circuit shown here is the 
same as that used for summing, except 
that the output lead, and each input 
lead, has a logarithmic network applied 
to it. Hence, since the magnetic ampli¬ 
fier has a high current gain, its input 
current i will be small and the negative 
feedback action of the circuit will cause 


the logarithm of the output to equal the 
sum of the logarithms of the inputs. 
In Fig. 3, the output will then equal the 
product of the inputs, if the a’s are equal. 
If the a’s are not equal, each input will 
be raised to the power a n / ao, where 
a n is the coefficient of the logarithmic 
current obtained from the nth input. 
Any of the inputs may be made to be 
divisors rather than multipliers bv using 
a negative network instead of a positive 
one. 

The Magnetic Amplifier: 

Design Characteristics 

The. principal requirement on the 
magnetic amplifier is that it must have a 
high current gain, since current drawn 
by its control coil will cause a computing 
error. The gain is therefore adjusted to 
be infinite at three points on its operating 
curve, by using sufficient positive feed¬ 
back. The transfer curve of a typical 
magnetic amplifier is shown in Fig. 4. 
This curve is representative of operation 
in a negative feedback circuit such as 
that of Fig. 1 or Fig. 3. The operation 
of such an amplifier in either of these 
negative feedback circuits is best under¬ 
stood by first noting that the output 
current T 0 is determined by the nature of 
the feedback circuit and the values of 
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the inputs. For example, in Fig. 1, if 

the sum of the input currents Ji. 

J„ is 24 ma, the output will be held to 
be very dose to this value. Hence 
Fig. 4 should be viewed considering the 
output Io to be the independent variable. 
Then the input i is a single valued func¬ 
tion of Jo, and its value is an indication 
of the deviation of the circuit operation 
from ideal. 

The transfer characteristic of Fig. 4 is 
therefore meaningful only when the 
amplifier is used in a negative feedback 
drcuit. The negative feedback circuit 
makes such an arrangement stable, and 





Fig. 9. Package containing two summing 
magnetic amplifiers, with cover 



keeps the response time small. It is 
seen from Fig. 4 that the computing 
error contributed by the magnetic ampli¬ 
fier varies from positive to negative, 
depending on the output current Jo. 
Hence the average error will be con¬ 
siderably smaller than its maximum 
error. 

The error caused by the input current 
drawn by the magnetic amplifier may be 
computed for the circuit of Fig. 3. Such 
an analysis will readily give 
i n / o)\ 

Io-b^P wv 


< « / «A 
b^ p v/v 

fl+- log. b\ P (j/0 

L «o 


where b is the base of the logarithms, and 
P indicates that all quantities it operates 
on are to be multiplied together. The 
error in output current Jo is seen to be 
the amount the square bracket term 
deviates from unity. This error is 
proportional to i, and independent of 
the values of both the output and input 


T> 10 20 30 

INPUT CURRENT, ma 

Fig. 11 (above). Network errors versus input current, for three 
temperatures. Each curve represents deviation from the desired 
equation, lo=a log (I ma/1 ma). The values of the constant a 
given on the curves were chosen to minimize the errors at that 
temperature 

currents. For the design to be described 
in this paper, equation 1 gives an error 
ne small. It is of 1% for 27 microamperes (fia) of 
the computing control current of the magnetic amplifier. 

: magnetic ampli- The circuit of a magnetic amplifier 
ve to negative, designed for this application is shown in 

:put current Jo*. Fig. 5. Fig. 9 shows a package Con¬ 
or will be con- taining two separate and identical ampli- 

l its maximum fiers. The specification for this amplifier 

calls for an input current between plus 
input current and minus 10 fia for a constant supply 

amplifier may be voltage and under the following condi- 

, of Fig. 3. Such tions: supply frequency, 380 to 420 

g{ ve cycles per second; ambient tempera¬ 

tures, —55 to +70 degrees centigrade; 
load resistance, one logarithmic network 
plus 500 ohms; input resistance, 800 
y\ ohms ±20%; output harmonic content 

*V (1) less than 3%; and output currents from 

2 to 30 ma. With a variation of ±10% 
e logarithms, and in the supply voltage of 55 volts, the 

atities it operates input current tolerance is doubled. This 

i together. The slight sensitivity to supply voltage can 

Jo is seen to be be compensated for by feeding the bias 

re bracket term windings of the magnetic amplifier from 

This error is the supply voltage (rectified). From 

independent of the data given in the preceding para- 

Dutput and input graph, it is seen that the 10 fia maximum 
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Fig. 10. Logarithmic network using five 
germanium diodes 


Fig. 12 (right). Circuit illustrating 
some schemes used for intercon¬ 
necting components to make up a 
computer. Also shown is the in¬ 
troduction of a mechanical input 
6 by means of a potentiometer. 
The symbol A indicates a ground 
potential point, the input junction 
of a summing amplifier 
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Fi s* 13 * Circuit for a 4-quadrant multiplier 


specified for the input current corresponds 
to a maximum computing error of 0.37%. 

The Logarithmic Network: 

Design Characteristics 

A typical circuit for a logarithmic 
network is shown in Fig. 6. It is made 
up of precision resistors and rectifiers, 
and its operation is as follows. When 
the input I is small, the rectifiers are all 
cut off and the output equals the input, 
as is shown in Fig. 7. As 1 is increased, 
the rectifiers cut in sequentially, bleeding 
current to ground. As shown in Fig. 7, 
the residual, or output current is thus 
made to approximate a logarithmic curve 
for a 15:1 range of input currents (2 to 
30 ma). The network shown in Fig. 6 
is termed a positive type. Negative 
networks are also required, as was 
pointed out earlier. The negative net¬ 
works differ from positive ones, Fig. 6, 
in the following respects: 1. The direc¬ 
tions of the input and output currents are 
opposite from those for positive networks; 

2. The rectifiers are inverted in the 
circuit; 3. The 10-volt bias voltage is 
made negative instead of positive. If 
the network diodes had “ideal” charac¬ 
teristics, the logarithmic curve would be 
approximated by a series of straight lines. 
The more gradual on-off transition ex¬ 
perienced with real germanium diodes 
actually reduces the fitting errors over 
those obtained with straight lines. 

The accuracy of fit, and the range of 
the input over which the fit is obtained, 
■depend on the number of diodes used! 

A 12-diode network, for example, has 
been constructed which has a tnavimy r n 
error of 0.1% at room temperature, for 
an input current range of 15; l. A 
network composed of five diodes gives 
acceptable accuracy, with a reasonable 


number of components. A typical error 
curve for such a 5-diode network is shown 
in Fig. 8. This curve shows the error, 
expressed as a percentage of the input, 
and plotted against the mput current. 
The error is seen to be cyclic, with a 
maximum value of 0.8%. 

The data given in Fig. 8 are typical 
of networks constructed according to the 
circuit in Fig. 6. The diodes used were 
1N63 germanium, selected for having a 
back resistance at 75 degrees centigrade 
greater t han 200,000 ohms at 20 volts. 
The values given for the resistors in 
series with the diodes are approximate, 
as they must be individually matched to 
the diodes. Such a network is shown in 
Fig. 10. 

The temperature errors of a network 
are caused by variation of diode charac¬ 
teristics. A change in forward resistance 
of the diodes causes a change in slope of 
the line segments used in fitting the 
logarithmic curve. This factor is not 
very large, however, as its effect is diluted 
by the resistors in series with the diodes. 
The drop in back resistance of the diodes 
at high temperatures permits an error 
current to flow from the 10-volt reference 
source into the load. This error is 
negligible at the highest output current, 
as aU of the diodes are biased to be con¬ 
ducting. At low output currents, how¬ 
ever, this error is appreciable, as all the 
diodes are biased to be nonconducting, 
and the excess back current from all the 
diodes causes an error. This effect must 
be compensated for, if the performance is 
not to be degraded at high temperatures 
and low output currents. 

It is important, however, to recognize 
that if a network changes with tempera¬ 
ture in such a way that its output is off 
by the same percentage at all inputs, no 
computing error will result. This is 



Fig. 14. Buffer amplifier 


because such an error is equivalent to 
computing with a different base for the 
logarithms. It is necessary under such 
circumstances only to locate all the 
networks together in a computer, so that 
they will experience the same temperature 
environment. Fig. ll shows the tem¬ 
perature errors for an uncompensated 
network. The three curves, for three 
temperatures, each represent the error 
in fitting the most appropriate logarith¬ 
mic curve for that temperature. It is 
seen that, except for low outputs at 
high temperatures, the errors are less 
than 1.5%. Such errors as these are 
tolerable for some computers, particularly 
those where input currents less than 6 
ma are seldom used. 

Miscellaneous Supplementary 
Circuits 

The two basic components previously 
described, the logarithmic network, and 
the summing amplifier, have sufficient 
versatility that they can be intercon¬ 
nected to solve rather complicated sys¬ 
tems of equations. For this, however, 
the designer must utilize a number of 
special circuits. The more important 
of these are described in the following. 

Fig. 12 illustrates some of the circuits 
used in interconnecting components to 
form a computer. In this example, half 
of the output of the logarithmic network, 
operating on the input I h is fed to the 
summing amplifier, as shown. The other 
half of this current is then available to 
feed to another summing circuit. The 
same arrangement is used to make avail¬ 
able the logarithm of the output current, 

I°- By using this scheme, the logarithm 
of a quantity need be taken only once, 
and this current-splitting circuit is used 
to supply the logarithm to other summing 
amplifiers. Two points that need to be 
kept in mind in applying this method are: 

1. The parallel combination of the 
current splitting resistors must equal the 
design load value for the networks (1,050 
ohms for the networks described); and 

2. The input terminal of a summing 
amplifier is within a few millivolts of 
ground potential, and for practical 
purposes can be considered as ground. 

It should be - noted that a price in ac- 
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curacy is paid for employment of this 
scheme. Equation 1 shows that splitting 
the load current in half, as shown, 
doubles the error resulting from the 
current drawn by the magnetic amplifier. 
On the other hand, the error caused by 
the input voltage of the magnetic 
amplifier is decreased. 

A constant multiplier is introduced 
by feeding a constant current into the 
summing junction of the amplifier. For 
example, the output is multiplied by a 
factor of two by a resistor from a 10-volt 
reference source (see Fig. 12). 

A mechanical input 0 is introduced by 
the simple means shown in the output 
circuit of Fig. 12. The potentiometer 
is varied by the displacement 0, and the 
output is clearly zero when 0 is zero. 
The output when the potentiometer is 
at the top is equal to Jo and, for inter¬ 
mediate positions, is exactly proportional 
to the resistance from the arm of the 
potentiometer to ground. 

The logarithmic method as described 
requires that the inputs always be of one 
sign. This restriction can usually be 
overcome by some means. A 4-quadrant 
multiplier, for example, can be con¬ 
structed as shown in Fig. 13. In this 
circuit, a constant is added to each of 
the two inputs, so that the sum will 
always be positive. After multiplying, 
the unwanted product terms are then 
subtracted out. Note that the cost of 
no. 1 and no. 2 magnetic amplifiers 
might not be chargeable to this circuit 
as, in a larger computer, they will 
normally perform other functions too. 

Often an electrical input to a computer 
is from a relatively high impedance 
source. In these cases the magnetic 
amplifier previously described can be 
used as a buffer amplifier, as shown in 
Fig. 14. This circuit supplies a linear 
output up to 30 ma, and the current 
drawn from the source will be between 
plus and minus 10 pa. 


In some applications, it is desired that 
a relay be closed when one variable 
becomes larger than another. A sum¬ 
ming amplifier can be used as an accurate 
comparator for this purpose. The two 
variables are represented by currents, 
one flowing into and the other out of 
the summing junction of the amplifier. 
Then, with no negative feedback con¬ 
nection, the amplifier output will go to 
its maximum value when the magnitude 
of the one input exceeds that of the other 
by more than 10 pa. 

Constant, low impedance sources of 
both plus and minus 10 volts are required 
for biasing the networks, and introducing 
constants into the computer. These 
are satisfactorily provided by magnetic 
amplifiers similar to those described, but 
larger. Two of these are used in nega¬ 
tive feedback circuits to compare their 
own load voltage with that of a low- 
power constant-voltage reference source. 
Since the magnetic amplifier is fully ac¬ 
tuated by 20 microvolts on its control 
coil, the output is held equal to the refer¬ 
ence source, to that tolerance. 

Discussion 

The preceding sections have described 
the two basic computing components 
shown in Figs. 9 and 10. These are the 
summing amplifier, and the logarithmic 
network (positive and negative types). 
These units, together with a plus and 
minus 10-volt reference source, can be 
interconnected to solve systems of non¬ 
linear algebraic equations. Trigono¬ 
metric and other reasonable functions 
can also be introduced by shaping net¬ 
works similar to the logarithmic ones de¬ 
scribed. The end result is a computer 
without vacuum tubes which has a high 
density of equations solved per unit 
volume; a high degree of reliability if at¬ 
tention is paid to manufacturing detail; 
low power consumption and heat dissipa- 

- ♦-- 


tion; and a good degree of accuracy. 

As a result of using logarithms for com¬ 
puting, the sources of error tend to affect 
the output by a fixed percentage of its 
value. This should be contrasted with 
the errors of most other computing 
schemes, which tend to have errors which 
are a given percentage of the full-scale 
output value. Consequently, errors are 
most often quoted in terms of per cent 
of full scale. 

The errors of the logarithmic scheme 
described depend upon the particular cir¬ 
cuit under consideration. They usually, 
however, are about 1% of the output 
value, for each operation performed by 
the components described. 

Experience has shown that military 
temperature specifications can be met 
using germanium diodes in the shaping 
networks. A factor which helps con¬ 
siderably in this respect is the low heat 
dissipation properties of the magnetic 
amplifiers. However, the forthcoming 
availability of silicon junction diodes en¬ 
larges the horizons appreciably for the 
computing technique described. It is 
stimulating to consider the possibility of 
replacing the relatively bulky magnetic 
amplifiers with power junction transistors 
of silicon. A computer would then con¬ 
sist of only silicon, precision resistors, 
and copper wire. 

In some applications, it may be desira¬ 
ble to use vacuum-tube amplifiers in 
place of the magnetic amplifiers. Such 
an application may be required where very 
high bandwidths are required (the rise 
time to 1/e for the magnetic amplifier cir¬ 
cuit of Fig. 1 is about 0.01 second for a 
400-cycle supply). The techniques de¬ 
scribed are almost directly applicable, 
except that the logarithmic networks 
must be designed to work from a voltage 
source, instead of a current source. 
Logarithms of variables are then repre¬ 
sented by currents, and the quantities 
themselves by voltages. 


Discussion 

L. A. Finzi (Carnegie Institute of Tech¬ 
nology, Pittsburgh, Pa.): Fig. 4 indicates 
that the magnetic amplifier used has a 
transfer characteristic with multivalued 
output. Characteristics of this kind are 
obtained commonly by introducing over-, 
regenerative ampere turns on the cores, 
the current of these turns being, for example, 
proportional to the amplifier output current 
or voltage. 

In the device described in the paper, 
stable operation of the circuit is obtained 
by the further introduction of a degenera¬ 
tive feedback. If both feedbacks, over- 
regenerative and degenerative, are provided 
essentially by the same variable, e.g., 


output current, it seems that the initial 
overregeneration could be dispensed with 
and a stable amplifier used, with suitable 
gain and bias to start with. 

This conclusion, however, may not be 
justified if the variables providing the two 
opposing kinds of feedback are basically 
different. It would be desirable if the 
authors would elaborate on this point and 
on the techniques and feedback circuitry 
they used, for this is a matter of general 
interest in applications of magnetic ampli¬ 
fiers when very high incremental gains and 
stable operation ar 4 e desired. 


B. E. Davis and I. H. Swift: It is convenient 
for the purpose of evaluating the error in 


this computing technique, to define the 
current gain as the ratio of output current 
to control current. The amplifier described 
is considered as only that portion of the 
circuitry shown in Fig. 5. It is imperative, 
as has been pointed out previously, that the 
control current remain as small as prac¬ 
ticable. Therefore, for use in this comput¬ 
ing application, it is desirable to have an 
amplifier with near-infinite current gain. 

Two components of this magnetic ampli¬ 
fier produce positive feedback and thus 
increase the current gain. The way in 
which rectifiers are used in this circuit 
increases this gain from about 8 to almost 
100 and the amplifier would require 300 1 
pa to control 30 ma of output current. An 
additional winding on the cores, through 
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a mnp . S . ls ^ adding regenerative 
t P UniS ‘ Pr °P er selection of the 
number of turns of this winding produces 
the maximum average current gain over 
the entire region of operation. An average 
rrent gam of about 3,000 is obtained with 
the components shown in Fig. 5, resulting 
m the control characteristic of Fig. 4. 
Only 10 na of control current are required 
to control 30 ma of output current after 
both types of feedback are inserted The 
nonlinearity, which is so obvious in Fig. 4, 
suggests that overregenerative ampere turns 
have been added, but this nonlinearity 
arises from the components which are 
used and not from the feedback. This 


nonlinearity generally is not seen in lower 
gain amplifiers, because it is small com¬ 
pared to the larger control currents. In 
practice, it is frequently desirable to add 
more turns to the positive feedback wind¬ 
ing and to shunt the winding with a re¬ 
sistor. This resistor is selected for optimum 
feedback in each amplifier. The use of 
this amplifier in a summing circuit requires 
that negative feedback be used. This 
feedback ensures that the amplifier will be 
stable, and it improves its response charac¬ 
teristics. 

The positive feedback winding can be 
eliminated from the amplifier and the 
negative feedback around it reduced, so 
that the current gain of the whole circuit 


remains the same, an approach which is 
chiefly of academic interest, since the lower 
gain of the amplifier offers many detri¬ 
mental characteristics to this computing 
technique. Most important of these are: 
1. the increased interaction between input 
signals; 2. the error produced in the output 
of the logarithmic network by not con¬ 
necting its load resistor to a near-ground 
potential point; and 3. the dependence 
of the external negative feedback circuitry 
upon the characteristics of the components 
within the amplifier, such as core materials 
and rectifiers. The positive feedback wind¬ 
ing offers a simple and inexpensive method 
by which high-gain operational magnetic 
amplifiers can be built. 


Some Applications of Semiconductor 
Devices in the Feedback Loop of 
Regulated Metallic Rectifiers 


B. H. HAMILTON 

ASSOCIATE MEMBER AIEE 


T REMENDOUS advances have been 
made in semiconductor technology 
during the past 5 years. One of the 
many fields to benefit from this progress 
has been power rectification. The ex¬ 
tended-area, germanium-junction diode is 
now a reality. The possibility of using 
silicon instead of germanium to provide 
greater freedom from ambient tempera¬ 
ture limitations is being investigated. 
These new rectifying elements have im¬ 
proved the size, weight, efficiency, and 
reliability of rectifier equipments. To 
keep pace with the rectifying elements, 
there is need for corresponding improve¬ 
ments in regulating circuitry. It is the 
author’s belief that this challenge will be 
met by the wider application of semicon¬ 
ductor devices in regulating circuits. 
Low-level junction transistors and low- 
leakage junction diodes are now available. 
Junction transistors with higher power 
ratings and junction diodes suitable for 
use as voltage standards are being de- 
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veloped. It is the purpose of this paper 
to present a few basic circuits illustrating 
the use of these devices to perform various 
functions m the feedback loop of a regu- 
la ted rectifier. The type of regulated! 
rectifier chosen for example is one suitable 
for charging and floating telephone cen¬ 
tral office storage batteries. As a start¬ 
ing point, the essential functions in the 
feedback loop of such a rectifier will be 
considered. 

Block Diagram 

A battery charging rectifier must be 
both voltage- and current-regulated. To 
obtain maximum life from the batteries, 
the output voltage must be held constant 
within ± 1/2 per cent for any load current 
within the rating of the rectifier. To pro¬ 
tect the rectifier when connected to dis¬ 
charged batteries, the load current must 
not be permitted to exceed the rating. 
Therefore, the rectifier must have an out¬ 
put voltage-current characteristic of the 
type shown in Fig. 1. The block diagram 
of a regulating system which accomplishes 
this is given in Fig. 2. In Fig. 2, the a-c 
input passes through a transformer to ob¬ 
tain the desired input voltage to the mag¬ 
netic amplifier and rectifier. The mag¬ 
netic amplifier is the power stage of the 
regulating circuit and controls the recti¬ 
fied voltage. The rectified direct current 


is filtered, passed through a current¬ 
sensing element, and is finally connected 
to the battery and associated load. Two 
voltage signals are fed into the gate cir¬ 
cuit, V v and Vj. 

The voltage V v is a portion of the bat¬ 
tery voltage F 0 . For output currents 
less than full load, the gate circuit admits 
this voltage to the error detector making 
V s equal to Vy. The error detector com¬ 
pares V s to the voltage standard Vs and 
amplifies the difference or error signal. 
The output of the error detector, in the 
circuit to be presented, is a current signal. 
This current is amplified by the current 
amplifier to provide driving current, for 
the magnetomotive-force-controlled mag¬ 
netic amplifier. The magnetic amplifier 
in turn controls the battery voltage V 0 
and completes the negative feedback loop. 
Under this condition, the changes in bat¬ 
tery voltage caused by line voltage, line 
frequency, and load variations are re- 
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Fig. 2. Block diagram 


duced by the gain of the feedback loop. 
The other input to the gate circuit is the 
voltage Vi which is proportional to the 
load current on the rectifier. This volt¬ 
age is adjusted to be equal to V v when 
the load current reaches full load. When 
Vt is less than V v , corresponding to any 
load less than full load, the gate circuit 
blocks Vj from the error detector. If an 
attempt is made to overload the rectifier, 
Vj is admitted to the error detector mak¬ 
ing V R equal to 7/. With V R now repre¬ 
sentative of output current and tending 
to increase, the error detector acts to de¬ 
crease the battery voltage. With V r 
less than V R , V v is blocked by the gate 
circuit and the rectifier is entirely current 
regulated. 


attractive type of current-sensing element 
is a simple saturable reactor using high- 
quality core materials. The d-c input 
to the saturable reactor can be a single 
turn of the rectifier output lead. The a-c 
output current of the saturable reactor is 
approximately a square wave with ampli¬ 
tude equal to 2(N c /N g )I L , where 

N c =turns of the rectifier output lead 
N g = turns in the a-c winding of the reactor 
Ii =» d-c output current of the rectifier 

To obtain a direct voltage proportional 
to the rectifier output current, it is neces¬ 
sary only to rectify the a-c output current 
of the saturable reactor and pass the 
rectified current through a resistor. The 

R4 


reverse leakage currents of the rectifying 
elements critically affect the stability of 
the point of transfer to current regulation. 
If the leakage current is not negligibly 
small or extremely stable, the ratio of 7/ 
to the a-c output current of the saturable 
reactor will be subject to drift. Here, 
again, germanium- or silicon-junction di¬ 
odes solve the problem by virtue of their 
low reverse leakage current. 

With the foregoing brief treatment of 
the operation of the magnetic amplifier 
and current-sensing element as a back¬ 
ground, the gate circuit, voltage standard, 
error detector, and current amplifier will 
be considered in detail in the succeeding 
sections. 


Gate Circuit 

As discussed in the foregoing, the func¬ 
tion of the gate circuit is to transmit the 
larger of the two input voltages V v and 
7/ to the output V R . It has, therefore, 
a simple logic function which can be ob¬ 
tained with two diodes and a biasing re¬ 
sistor, connected as shown in Fig. 3. The 
higher of the two voltages V v and 7/ sup¬ 
plies the bias current I&. If V v is high¬ 
est, e.g., D\ is biased in the forward di¬ 
rection and D2 is biased in the reverse 
direction. If the diodes are ideal (zero 
forward voltage drop and zero reverse cur¬ 
rent), then 7« is exactly equal to V r and 
completely independent of 7 7 . Under 
this condition, the rectifier is voltage- 
regulated. As the rectifier load current 
increases, 7/increases, becoming equal to 
V r at full load. If an attempt is made to 
further load the rectifier, D2 conducts and 
raises the voltage V R . The feedback 
loop responds by lowering the battery 
voltage Vo and, consequently, the voltage 
Vy. Diode D 1 then becomes biased in 


Semiconductor devices can be profit¬ 
ably applied in six of the boxes in the 
block diagram: the rectifier, the current¬ 
sensing element, the voltage standard, the 
gate circuit, the error detector, and the 
current amplifier. In the case of the 
rectifier, the major function is to convert 
the a-c input to a d-c output. Another 
requirement for the rectifier is low reverse 
leakage current to facilitate the use of a 
high gain magnetic amplifier. Large- 
area germanium diodes have been found 
well adapted to this application. The 
currentTsensing element can take many 
forms. A common type of current-sens¬ 
ing element is an ammeter shunt. When 



an ammeter shunt is used, the voltage DC CURRENT PROPORTIONAL 

must be amplified to obtain the required T0 Rectifier LOAD CURRENT 

voltage input to the gate circuit. A more Fig. 3. Gate circuit 
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the reverse direction. Under this con¬ 
dition, Vr is equal to V/ and independent 
of V V) and the rectifier is current-regu¬ 
lated. An important consideration is 
the sharpness of the transfer from voltage 
to current regulation using practical 
diodes. 

In transferring from voltage to current 
regulation there is a transition region, 
indicated in Fig. 1, where the rectifier is 
partially voltage-regulated and partially 
current-regulated at the same time. In 
some applications, a narrow transition re¬ 
gion is desirable. The transition to cur¬ 
rent regulation begins when the current 1/ 
raises the voltage V/ to the point where 
the diode D2 begins to conduct appreci¬ 
able current. The transition is com¬ 
pleted when the diode D2 is conducting 
essentially all of the bias current I b . In 
completing the transfer, I t has had to in¬ 
crease an additional amount AI, to sup¬ 
ply the bias current and additional volt¬ 
age drop A V D across D2. These quanti¬ 
ties are related by 

AlW fc +— (1) 

The per-unit increase in rectifier load cur¬ 
rent during the transfer is 


A h I,, [ A V D 

IlM I 131 RUlM 


where I m is the value of If corresponding 
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Fig. 5. Error detector circuit 


F'S* 4 (A). Voltage standard. (B). 
Equivalent circuit 


to full load on the rectifier. 

Since R\I IM is approximately equal to 
Vr, equation 2 can be rewritten as 

AJ/ _ h AFp 

Aliv Iiu Vr ^ 

To achieve a sharp transfer, it is neces¬ 
sary to make I IM large compared to l b , 
and V B large compared to AV d . The 
quantities I b and A V D are governed by the 
characteristics of the diode. For some of 
the newly developed silicon diodes, prac¬ 
tical values of I b and A Fp are 

ij = 1 milliampere 

AFp=0.3 volt 

Using diodes of this type, and making 
Im = 100 milliam peres 
Vr =30 volts 

the transition region becomes 2 per cent. 

The Voltage Standard 

The precision obtained in regulating the 
rectifier voltage or current is limited by 
the stability of the voltage standard. 
D. H. Smith 1 has discussed various types 
of available voltage standards and pointed 
out the desirable characteristics of the sili¬ 
con-junction diode operating in the break¬ 
down region. The diode can be biased 
in the breakdown region by the appli¬ 
cation of a higher voltage F 0 through a 
dropping resistor R5, as shown in Fig. 
4(A). In Fig. 4(A), the diode voltage 
Fs varies only slightly as the current 
through the diode is changed. The diode 
can be represented by a battery F*with in¬ 
ternal resistance R a , as shown in Fig. 4(B). 
In this circuit, the per-unit variation in 
V a is less than the per-unit variation in 
Fa in accordance with 

AFs_ R a AFo_ Rs Vo AVo 
Vs ** R5+Rs Vs ~R5+Rg Vs V 0 


In this particular application, the recti¬ 
fier output voltage to be regulated is 48 
volts. By selecting 24 volts as the value 
for F s , 48 volts is a reasonable value for 
Fo which can be obtained directly from 
the regulated output. With practical 
diodes, it is possible to obtain 100 ohms or 
less for R g and use a value of 5,000 ohms 
for R5. With these constants, the percent 
variation of F s can be evaluated when 
the rectifier is voltage-regulated within 
±1/2 per cent, as mentioned earlier. 
The calculated per-cent variation in Vg 
is ±0.02 per cent, which degrades the pre¬ 
cision of regulation by a negligible 
amount. However, when the rectifier is 
current-regulated, the output voltage Fo 
is subject to wider variation, and the 
precision of current regulation is thereby 
lessened. 

Another possible source of variation in 
the voltage standard is temperature. 
The voltage V B in the equivalent circuit 
of Fig. 4(B) has, in general, a tempera¬ 
ture coefficient. At the present early 
stage of development of the silicon-junc¬ 
tion diode, the ultimate control to be real¬ 
ized over the magnitude and uniformity of 
the temperature coefficient is not yet fully 
known. Temperature coefficients of 0.03 
per cent ± 0.01 per cent per degree centi¬ 
grade have been observed for diodes with 
breakdown voltages in the range of 5 to 6 
volts. It is further feasible to construct a 
voltage standard using more than one di¬ 
ode to obtain a zero nominal temperature 
coefficient; see reference 1. 

The Error Detector 

The error detector must compare the 
output voltage of the gate circuit Vr to 
the reference voltage V s and provide a 
signal proportional to the difference. 
The power available to the input of the 
error detector is limited by the internal 
resistance of the voltage standard and the 
Th6venin equivalent resistance of the 
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potential divider. Specifically, the cur¬ 
rent variation at the input terminals of the 
error detector must be limited to a value 
which will not appreciably “load” the 
error voltage. Mathematically, this rela¬ 
tion can be expressed as 

AI 0 (R t +RsX^V (5) 

where 

AJo = variation in current at the input termi¬ 
nals of the error detector 
A V— permissible error voltage 
Rt = Th6venin equivalent resistance of the 
potential divider 

Rs = internal resistance of the voltage 
standard 

Equation 5 can be written to give the 
required input resistance of the error 
detector 

AV 

Input Resistance=— ~'^>(Rr+Rs) (6) 

A/o 

In the example of a 48-volt rectifier 
regulated within ± 1/2 per cent and using 
the diode voltage standard described ear¬ 
lier, AV is 0.24 volt and R s is 100 ohms. 

Using an assumed value of 100 ohms 
for R t , equation 6 shows that the input 
resistance of the error detector must be 
large compared to 200 ohms. 

Two 50-milliwatt junction transistors 
can be used in the circuit shown in Fig. 5 
to provide error detection and amplifica¬ 
tion, meeting the requirements outlined in 
the foregoing. In Fig. 5, the transistors 
are emitter-coupled and the error voltage 
AV—V r — V s is applied between the base 
terminals. The output signal is the 
difference between the collector currents 
/i and I 2 . The input resistance of the 
push-pull current amplifier, to be de¬ 
scribed later, is represented by the re¬ 
sistors Z?6 and R7. 

To simplify the explanation of the 
operation of this circuit, assume R8 and 
R9 are equal to zero. Then, in response 
to an increase in the voltage V Rl the base 
to the emitter voltage bias of transistor 
Tl is increased. This causes the collector 
current I x and the emitter current of 71 
to increase. Through the emitter cou¬ 


pling, the base to emitter voltage bias of 
transistor T2 is decreased as is the col¬ 
lector current It. The net result is an 
increase in output current (Ii—Ii). 

The input impedance to the error de¬ 
tector and the ratio G M of output current 
(Ii—Iz) to the input voltage AV can be 
written in terms of the transistor equiva¬ 
lent circuit parameters r e , r b , r e , and a as 


input impedance 


-K* + £) 


- ? - 

AV r e +(l-ct)r b 

assuming 


( 8 ) 


~-+ (9) 
1 —a 

Typical values for the transistor param¬ 
eters are 


r„=8 ohms (for emitter current=3 mils) 
r & =250 ohms 
a™ 0.95 


r c = 5X10 8 ohms 


Substitution of these values in equa¬ 
tions 7 and 8 gives the following values for 
input impedance and G M 


input impedance = 820 ohms 
Gm ==0.046 mho 


By multiplying the voltage signal AV 
by the G M factor, an output current sig¬ 
nal ( I\—Ii) is found to be 11.0 milli- 
amperes. A desirable operating range for 
the collector currents h and J 2 might be 
2 to 4 milliamperes. 

The total operating range of the output 
current signal would then be 4 milli¬ 
amperes. In this case a G M of 0.0166 
mho is desired instead of 0.046 mho. The 
G m can be reduced by adding the degen¬ 
erative resistors R8 and R9, as shown in 
Fig. 5. This is equivalent to increasing 
r e in equations 7 and 8, and provides the 
further benefits of making the gain more 
linear and increasing the input imped¬ 
ance. If R8 and R9 are made equal to 
36.6 ohms, the desired G M (0.0166 mho) 
is obtained and the input resistance is 


increased to 2,280 ohms. 

An appropriate range of collector volt¬ 
age variation is 10 volts. This limits the 
input resistances of the current amplifier 
RQ and R7 to 5,000 ohms. The output 
power range of the error detector is, then, 
4.0X10 -8 watts. With the input resist¬ 
ance of 2,280 ohms, the input power range 
is 1.26 X10" 6 watts. The power gain of 
the error detector is 35 decibels. 

The only remaining question as regards 
the suitability of the transistor error de¬ 
tector is: What about drift effects with 
ambient temperature variations? There 
are two types of output drift which could 
affect the operation of the error detector. 






B 

Fig. 7(A). Grounded emitter circuit high 
output impedance. (B). Grounded collec¬ 
tor circuit/ low output impedance 


January 1955 


Hamilton—Applications of Semiconductor Devices 


643 




Any variation in the net output signal 
(/i— It) is certainly of importance. The 
quantity (7i-f/ 2 ) could vary independ¬ 
ently and change the operating level and 
power dissipation of the transistor. 

In junction transistors, the collector 
current is related to emitter current by the 
factor a which is near unity. Also, the 
range of variation of base to emi tter volt¬ 
age in the working range is a few tenths 
of a volt. Thus, to a first approximation, 
the following relations hold 

( 10 ) 

V s ^Vs (11) 

Since V s is equal to J 3 i?10, equations 10 
and 11 can be used to obtain the further 
approximation 


Thus, the quantity (h+I t ) is dependent 
primarily on parameters external to the 
transistor and will be affected only to a 
secondary extent by changes in transistor 
parameters such as the temperature-sensi¬ 
tive saturation current 1^. 

The drift effect of temperature on the 
output signal is most easily considered in 
terms of the equivalent drift at the input. 
Before attempting to analyze the push- 
pull error detector circuit, it is beneficial 
to note the equivalent input drift of a 
single grounded emitter transistor. In 
this case, the equivalent input drift AV T 
will be defined as the necessary change in 
base voltage to hold the collector current 
constant. Theory predicts and measure¬ 
ments confirm that the base voltage must 
be decreased in linear proportion to the 
increase in temperature if the collector 
current is to be held constant. This 
effect of temperature can be represented 


by a variable voltage in series with the 
base connection, as shown in Fig. 6(A). 
The constant K has the units of volts per 
degree centigrade. Measurements taken 
on a sample of 30 transistors (including 
both alloy- and grown junction-types) 
have revealed a range of variation of K 
from 0.0021 volt to 0.0032 volt per de¬ 
gree centigrade. The measurements also 
indicated the possibility of substantially 
narrowing the range of variation by 
selecting the transistors on the basis of 
the easily measured parameter h n . In 
the push-pull error detector circuit, 
the temperature coefiicients ATI and K2 
are subtractive, as shown in Fig. 6(B). 
The per-cent drift in output voltage 
caused by the temperature coefficients of 
transistors in the error detector is given 
by 

B —vT Xl0 ° («) 

where 

IS=the per-cent drift in the rectifier output 
voltage per degree centigrade 
Ki = temperature coefficient of transistor 21 
2C a =temperature coefficient of transistor T2 
voltage of the standard 

Even with badly matched transistors 
(^i® 0.0021,2^2=0.0032), the drift in the 
regulated voltage, from equation 13, is 
0.0046 per cent per degree centigrade. 

The foregoing analysis has demon¬ 
strated the suitability of the transistor 
error detector circuit from the standpoints 
of input impedance, gain, and stability 
with temperature. 

The Current Amplifier 

The final link in the feedback circuit is 
the current amplifier. In the block dia¬ 


+ 



Fig. 8. Push-pull current amplifier Fig. 9. 


gram under discussion, the current ampli¬ 
fier must provide control power to the 
magnetic amplifier. The amount and 
type of control power required for mag¬ 
netomotive-force-controlled magnetic am¬ 
plifiers depends on a variety of consider¬ 
ations such as: 

1. The amount of power controlled by the 
magnetic amplifier. 

2. The gain of the magnetic amplifier. 

3. The mode of operation desired for the 
magnetic amplifier (high or low impedance 
control). 

4. The voltage or current induced in the 
magnetic amplifier control windings. 

The first two considerations determine 
the required output power of the current 
amplifier. If this power is not too great, 
an all-transistor current amplifier can be 
used. Otherwise, it may be necessary to 
use a magnetic amplifier in the output 
stage. The ultimate power rating obtain¬ 
able from practical transistors is yet to be 
determined. Transistors using special 
cooling methods have been reported ca¬ 
pable of dissipating up to 20 watts. 
Transistors are well adapted to provide 
current amplification with either low or 
high output impedance. To obtain high 
output impedance, the grounded emitter 
circuit of Fig. 7(A) is suggested. With 
this circuit output impedances up to tens 
of thousands of ohms can be obtained. 
For low output impedance, the grounded 
collector circuit of Fig. 7(B) is preferable. 
In this case, output impedance of tens of 
ohms can be obtained. It is not intended 
to cover the field of magnetic amplifier 
control with transistor circuits. Instead, 
a push-pull transistor current amplifier 
which the author has found particularly 
flexible will be presented. 

In the current amplifier circuit shown 
in Fig. 8, four pnp junction transis- 
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tors are used to provide a current ampli¬ 
fication of 100. The input currents I\ 
and h are the output currents of the error 
detector circuit in Fig. 5 which vary from 
2 to 4 mils in push-pull fashion. The out¬ 
put currents /»and J 4 vary from 0 to 200 
in milliamperes in push-pull. To the ex¬ 
tent that the 1% and / 4 do vary equally in 
opposite directions, the current through 
resistor 2211 is constant and approxi¬ 
mately equal to 200 milliamperes. The 
voltage F 4 , therefore, is approximately 
constant and the two halves of the circuit 
can be analyzed independently. The left 
half of the circuit has been redrawn in Fig. 
9 with 2211 replaced by a constant voltage 
F 4 . 

In Fig. 9, the driving current required 
at the base of transistor T3 is given by 


where 


and Gi is 1,000. The driving current A/a 
calculated from equation 13 is then 0.2 
milliampere. Since AJ 8 is small compared 
to the 2-milliampere variation in 1\, the 
following approximation is obtained 

AFj«AJ, 226 (IS) 

A desired value for 226 is 5,000 ohms, as 
indicated in the analysis of the error de¬ 
tector circuit. The variation in V&, 
then, becomes 10 volts. The normal vari¬ 
ation of the voltage between the base of 
T3 and the emitter of T5 is negligible 
compared to 10 volts. This leads to the 
approximation that 

AF 5 «Al 6 2212 (16) 

By combining equations 15 and 16, equa¬ 
tion 17 results 

A/i 226 « Alt 2212 (17) 

Since the emitter and collector currents 
of T5 are approximately equal, equation 
17 can be rewritten as 


Ah —driving current 

A/j=range of variation of output current, 
200 milliamperes 
current gain of transistor T 3 
Gi = current gain of transistor T5 

A practical value for the product of Gi 


Ah _ RQ 

Ah ~ i?12 


(18) 


Equation 18 shows that the current gain 
of the amplifiers is controlled, to a first 
approximation, only by the passive com¬ 


ponents 226 and 2212. It is, therefore 
stabilized against variations in the tran¬ 
sistor parameters with temperature. 

Conclusion 

The basic circuits presented here were 
not intended to be all-inclusive. Rather, 
they were intended to illustrate the flexi¬ 
bility of low-level semiconductor devices 
in the feedback loop of comparatively 
large power rectifiers. One of the attrac¬ 
tive features is that the transistor ampli¬ 
fiers can use the regulated output voltage 
as a power supply in many cases where 
vacuum tubes would require a separate 
auxiliary power supply. It is believed 
that this application of the new semi¬ 
conductor devices will supplement the 
progress being made with power diodes 
and lead to further improvements in the 
size, weight, efficiency, and reliability of 
regulated rectifier equipment. 
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Synopsis: Regulated metallic rectifiers 
have been used throughout the Bell System 
to provide talking current, to power re¬ 
lays, switches, and vacuum-tube filaments; 
and to supply vacuum-tube plate poten¬ 
tials. With the advent of semiconductor 
devices such as transistors and junction 
diodes, the regulated metallic rectifier is 
assuming added importance. However, 
the lower voltages generally required by 
these semiconductor amplifier and switch¬ 
ing devices have required a re-evaluation 
of the regulating principles used in metallic 
rectifiers. It has been found possible 
to replace previous vacuum-tube and 
magnetic-amplifier regulating circuits with 
equivalent and usually more compact and 
efficient semiconductor apparatus. This 
paper discusses the suitability of silicon- 
alloy junction diodes having very sharp 
reverse breakdown characteristics in the 


reference standard portion of closed-loop 
feedback regulating circuits of metallic 
rectifiers. 

P REVIOUS papers by the author 
and others have discussed the use 
of metallic rectifiers in telephone power 
plants, 1 the automatic regulation of 
metallic rectifiers by vacuum-tube elec¬ 
tronic control (unpublished), and the 
automatic regulation of metallic rectifiers 
by magnetic amplifier control. 2 ' 3 With 
the advent of semiconductor devices 
such as transistors and junction diodes 
it has become necessary to re-evaluate 
known methods of automatic regulation 
of metallic rectifiers in the light of this 


First, the new semiconductor apparatus 
requires much lower electrode potentials 
than the vacuum-tube electronic and 
electomechanical analogues. A typical 
common emitter transistor amplifier 
utilizes collector potentials between 6 
and 20 volts, and base bias potential 
between 2 and 6 volts, whereas a vacuum- 
tube amplifier may require plate poten¬ 
tials of 130 to 400 volts, a filament 
potential of 6 volts, and perhaps 20- to 
50-volt bias. At least one computer 
design within the author’s knowledge, 
employing semiconductor apparatus, 
needs only 2, 6, and 8 volts, whereas 
other computers employ vacuum tubes, 
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ALTERNATE VARIOLOSSER 



Fig. 1. Basic elements of feedback-regulated rectifier 


Rectifying Diodes 

The past decades have seen vast 
improvements in rectifying diodes, from 
the copper oxide rectifier in the 1920’s 
and the selenium diodes in the 1940’s 
to the germanium and silicon junction 
diodes in the 1950’s. The improvements 
in both forward voltage drop and reverse 
resistance have been substantial, but 
detailed discussion of these is beyond the 
scope of this paper. 


relays, switches, and cathode-rav tubes 
requiring a multiplicity of high and low 
voltages. Thus, the first problem to be 
faced by the designer of regulated recti¬ 
fiers is that of the generally lower load 
voltages and, consequently, the lower 
error signals with which he must deal. 

Second, if the rectifier designer is to 
progress with the times, he must employ 
these new semiconductor devices in his 
regulating circuits where it is possible 
to take advantage of their compactness, 
efficiency, and reliability. 

This paper discusses how Bell Tele¬ 
phone Laboratories has approached the 
general problem of precise power regula¬ 
tion at low voltages, and gives an intro¬ 
duction to the design of feedback regulat¬ 
ing amplifiers employing semiconductor 
apparatus. Future papers will cover 
in more detail this latter topic. 

Basic Regulating Circuit 

Fig. 1 gives in block diagram form a 
generalized feedback-regulated rectifier 
circuit. The elements include a step-up 
or step-down transformer, a variolosser, 
the rectifying diodes, the filter, the error 
detector, and the error amplifier. Vario¬ 
losser is a term borrowed from others 
in carrier transmission work, who use 
it to denote a variable gain amplifying 
stage which can amplify or attenuate a 
signal. 

The Variolosser 

In power regulator work, a variolosser 
functions usually to absorb more or less 
of the voltage available to the load and 
can function in the d-c or the a-c portion 
of the circuit. A typical d-c variolosser 
is a series vacuum tube which acts as a 
variable resistor in series with the output. 
A typical a-c variolosser is a continuously 
tapped autotransformer or a magnetic 
amplifier. Fig. 2 illustrates some forms 
the variolosser may take. A simple 
form of d-c variolosser is a variable 
resistor in series with the load current, 
which may be manually adjusted to 
maintain a constant voltage across the 


load. Series tubes and series transistors 
may be thought of as automatic-type 
variable resistors. Another form of 
variolosser utilizes a variable shunt 
resistor and a fixed series or ballast 
resistor. Here, too, vacuum tubes or 
transistors can be used as the shunt 
element. A grid-controlled thyratron 
variolosser combines a rectifying function 
with a gating function, as does a magnetic 
amplifier variolosser. 



SERIES POTENTIOMETER 



SERIES TRANSISTOR 



THYRATON 


Fig. 2. Type* of 


Error Detector 

The error detector and error amplifier 
are used to complete the feedback loop 
as shown in Fig. 1. The rest of this 
paper will be devoted to a discussion of 
reference standards used iti error detec¬ 
tor circuits, with emphasis on a new type 
of reference standard which was recently 
developed. 



SHUNT POTENTIOMETER 



SHUNT TRANSISTOR 



MAGNETIC AMPLIFIER 


variolosser* 
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Fig. 3. Battery reference 


Battery Reference 

Fig. 3 illustrates the use of a battery 
as a reference standard in an error detec¬ 
tor circuit. In Fig. 3(A), the desired po¬ 
tential of the load is E L , the potential of 
the reference standard is E s , and r is the 
input resistance of the error amplifier. 

As long as E L =E S no feedback current 
flows and no regulating action takes 
place. If, however, E L increases by an 
amount A E L , as in Fig. 3(B), the net 
voltage in the feedback loop is seen to 
be A Ei, and an error signal equal to 
EE Jr flows in the input of the error 


amplifier. Likewise, if E L decreases 
by an amount AE L , as in Fig. 3(C), the 
net voltage in the feedback loop is again 
AE l , but since AE L now has an opposite 
sign, an error signal equal to —EEJr 
flows in the input of the error amplifier. 

Batteries have been used extensively 
as reference standards in regulated 
rectifiers, primarily in vacuum-tube grid 
circuits 1 where the reference battery 
does not have to furnish over 100 micro¬ 
amperes of current. An important limi¬ 
tation of a battery used quite extensively 
in the Bell System as a standard is an 
internal resistance, shown in Fig. 3(D) 


as r g . Although r s may be less than 
5 ohms per cell when a battery is new, 
the resistance increases with age and 
finally reaches a value which causes 
appreciable errors in the regulating 
circuit. Also to be noted is the positive 
temperature coefficient of the electro¬ 
motive force (emf), about 0.00045 volt 
per degree centigrade (C). Over a 50 C 
range, the emf would change approxi¬ 
mately 0.02 volt per cell. Another way 
of expressing the temperature coefficient 
is in percentage of the nominal open- 
circuit voltage (1.5 volts) and this works 
out to be +0.03 per cent per C. 

Glow-Discharge Tube Reference 

Glow-discharge tubes are frequently 
used as reference standards. 4 The volt- 
ampere characteristic of a typical glow- 
discharge tube, designed expressly to be 
used as a reference is given in Fig. 4. 
The glow-discharge tube is seen to be 
equivalent to a battery having an open- 
circuit voltage of approximately 100 volts, 
an internal resistance of about 375 ohms, 
and a negative temperature coefficient 
of 0.01 per cent per C. The tube is like 
a battery, but it requires application 
of a potential higher than the refer- 
erence voltage required to initiate 
conduction in the tube. For the tube 
under discussion, the maximum break¬ 
down voltage is about 165 volts. If the 
regulated load voltage is less than 165 
volts, a separate d-c supply must be 


Fig. 4 ( below). Glow-discharge tube reference 


Fig. 5 (right). Silicon-alloy junction diode characteristics 
atO C 
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provided in the regulating circuit to 
insure breakdown. A potentiometer cir¬ 
cuit is usually employed to make the 
standard voltage nearly equal to the 
regulated voltage at the point of com¬ 
parison. 

Alloy Junction Diode Reference 

Before discussing the characteristics 
of junction diode references, it may 
be helpful to consider the terminology 
employed. As in other rectifying diodes, 
there are two directions of current flow, 
forward and reverse. Each diode has a 
positive and a negative terminal, and 
the positive terminal is defined as that 
terminal toward which forward current 
flows within the diode, Likewise, the 
negative terminal is that terminal toward 
which reverse current flows within the 
diode. 

Pearson and Sawyer have observed 
the sudden breakdown effect in the 
reverse characteristic in silicon p-n 
junction alloy diodes 6 and have described 
the manufacturing process of such diodes, 
and McKay has discussed a possible 
explanation of the breakdown. 6 The 
reverse characteristics of several of these 
silicon diodes are given in Fig. 5. The 
diodes have a thermal rating of 125 
milliwatts, which imposes a current 
limitation dependent upon the reverse 
voltage drop, as shown in Fig. 5, 

It is also apparent that these curves 
are similar in nature to the curve shown 
m Fig. 4, i.e., each diode exhibits a fairly 
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constant voltage drop over a wide range 
of reverse current. Also to be noted 
is the almost constant forward voltage 
drop. The voltage drop varies with 
temperature and with current. The 
variation with current is seen to be 
greater for the higher voltage diodes 
than with the lower. It has been found 
that the voltage variations with tem¬ 


perature are likewise related to the 
nominal reverse voltage drop. 

Sources of Systematic Errors in 
Reference Standards 

Each of the types of voltage standards 
discussed has a counter emf which serves 
as the reference voltage. This emf is 
proportional to both temperature and 
current, and these variations constitute 
a source of systematic error in the re¬ 
ference potential. The amount of such 
error contributed by the internal re¬ 
sistance can be called “slope error” and 
the amount contributed by temperature 
variations may be thought of as the 
“temperature coefficient” of the standard 
potential. Within the author’s observa¬ 
tion, these errors are independent of 
each other, i.e., the slope is constant 
over a wide range of temperatures, and 
the temperature coefficient is constant 
at all values of current within the rating. 

In genera], it is desirable to minimize 
internal errors in a reference standard. 
There are circumstances where a known 
internal error can be used to compensate 
for a known error external to the stand¬ 
ard. For instance, a given slope error 
can be utilized to offset a portion of the 
change in rectifier output voltage caused 
by a-c input voltage changes, and thereby 
lessen the amount of automatic regulation 
range required of the feedback circuit. 
Similarly, in some circuits it may be 
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Fig. 8. Rs and C versus Es (reverse) for 57 silicon-alloy junction diodes 


desirable to balance the temperature 
coefficient of the error amplifier or 
amplifiers with a residual temperature 
coefficient in the standard. Usually, 
however, it is desired to obtain a reference 
standard with zero temperature coeffi¬ 
cient and a very low value of slope. 

The slope error of a standard can 
be determined by plotting the change 
of terminal voltage over a given current 
range in the breakdown region, and 
dividing the change in voltage by 
the change in current. This is some¬ 
times called a-c, differential, or dynamic 
resistance, to differentiate it from the 
absolute resistance reckoned from the 
current and voltage axes. 

The temperature error can be de¬ 
termined by holding the current con¬ 
stant at some nominal value in the 
breakdown region and noting the 
change in voltage drop at various tem¬ 
peratures. The temperature coefficient 
may then be defined as the change in volt¬ 
age, divided by the nominal voltage and 
the change in temperature in C. This 
factor is then multiplied by 100 to express 
the coefficient in per-cent change per C. 

These two parameters were evaluated 
for a sample of 15 experimental silicon- 
alloy junction diodes, having nominal re¬ 
verse voltage drops between 4 and 40 volts. 
Curves of reverse voltage versus reverse 
current were plotted at 0, +20, and 
+40 C. The reverse current was varied 
in each diode from one milliampere to 
a value representing a power dissipation 
of approximately 125 milliwatts, the 
tentative full power rating of this type of 
diode. 

Next, isodissipative lines were super¬ 
imposed on each set of curves at power 
levels of 62.5, 94, and 125 milliwatts, re¬ 
presenting 50 per cent, 75 per cent, and 
100 per cent of the power rating respec¬ 
tively. Rated ambient temperature was 
chosen as +20 C, and nominal operating 
power was chosen as 94 milliwatts. The 
intersection of the 94-milliwatt line and 
the +20 C curve was noted, and the co¬ 
ordinates of this point were termed E s 
and I g ; the rated reference voltage and 
reference current respectively. It was ex¬ 
pected that E s and /* would be the design 
center operating point of these diodes 
when used as reference standards. 

This process is demonstrated in Fig. 
6 for a typical 28-volt diode. It will be 
noted in Fig. 6 that the linear operating 
range of this particular diode extended to 
values of current beyond h and It, which 
are stated as the limits of the rated cur¬ 
rent range. Ii and h were chosen as 
being the abscissas of the points of inter¬ 
section of the +20 C operating curve with 


the 62.6-milliwatt (mw) and 125-mw 
power level curves respectively. This 
was judged necessary because several of 
the test diodes departed from linear op¬ 
eration just below the 62.6-mw point, but 
it is expected that improved manufactur¬ 
ing techniques will permit a wider operat¬ 
ing range in the future. 

After the values of r s and C were deter¬ 
mined for the samples, these data were 
plotted against E a , as shown in Fig. 7. 
The temperature coefficients are seen to 
range from about —0.04 to +0.10 and 
the values of r a vary between 10 and 1,000 
ohms for diodes having rated standard 
voltages between 4 and 40 volts. Several 
interesting characteristics of this particu¬ 
lar batch of diodes can be noted. 

First, it would appear that a zero tem¬ 
perature coefficient diode could be ob¬ 
tained if the manufacturing processes were 
adjusted to produce diodes having stand¬ 
ard voltages between 4 and 6 volts. 
Second, these same diodeswould probably 
have minimum slope. Third, it would 
seem more feasible to make a medium 
voltage standard with several low-voltage 
diodes connected in series than with one 
diode. Note that a 24-volt reference 


standard made up of four 6-volt diodes 
would have a temperature coefficient of 
+0.035 and a slope of 40 ohms, as op¬ 
posed to a single 24-volt diode which 
would have a temperature coefficient of 
+0.094 and a slope in excess of 300 ohms. 
A 2Vrto-l improvement in C and a 
7Vrto-l improvement in r s could be 
realized by using the 4-diode standard. 

Although the exploratory work had 
been limited to a small sample of diodes 
up to this point, it appeared that there 
was a definite correlation between E», 
r a and C which should be investigated fur¬ 
ther. Accordingly, a somewhat larger 
sample of about 60 diodes was obtained, 
but this time the manufacturing process 
was adjusted to secure breakdown volt¬ 
ages between the limits of 4 and 6 volts. 
Referring again to Fig. 7, it can be seen 
that the temperature coefficient curve 
crosses the axis at about 4.5 volts. Thus, 
it appeared that the range in breakdown 
voltage between 4 and 6 volts was of most 
interest. The 60 diodes were subjected 
to the previously described test pro¬ 
cedure and the results of the test are 
plotted in Fig. 8. In addition, it was 
decided to perform the same test pro- 
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cedure with respect to the forward volt¬ 
age drop of these particular diodes, and 
these data are plotted in Fig. 9. 

Reverse Voltage 

The data • in Fig. 8 show good agree¬ 
ment with the behavior of the first test 
samples. All but two diodes had break¬ 
down voltages between 4.9 and 6.1 volts. 
Most diodes in this group had slopes in 
the range of 4.5 to 10 ohms, and temper¬ 
ature coefficients between +0.0023 and 
+0.04. Of the two diodes remaining, 
one had a breakdown voltage of 4.8 volts, 
a slope of 13.3 ohms and a temperature 
coefficient of -0.01. This was the only 
diode having a negative value for C. It 
is expected that if a substantial sample of 
diodes had been obtained in the 4-to-4.5 
volt region, most of these would have had 
negative values of C. The other diode 
had a breakdown voltage of 6.14, a slope 
of 17 ohms, and a temperature coefficient 
of +0.026. 
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Forward Voltage 

The data in Fig. 9 indicate that the 
forward voltage drop may be used as 
a reference standard, but that C will 
probably always be negative, r s will be 
2 or 3 ohms, and E, will be 1 to 1.2 
volts. 

Long-Time Stability and Life 

It can be seen that systematic changes 
in the reference potential are probably 
closely related to the breakdown voltage 
and the environmental temperature. It 
is then valid to ask: 

1. Are there any random fluctuations in 
the voltage? 

2. Are there any time-dependent linear 
variations in the voltage? 

3. What is the expected life? 

In the case of the glow-discharge tube 
previously discussed, random and linear 
changes are about 0.1 volt and 0.2 re¬ 
spectively. The life is estimated at well 


over 2 years. The battery has no dis- 
cemable random fluctuations, but local 
chemical action causes self-discharge and 
a gradual increase in the internal re¬ 
sistance. Eventually the open-circuit 
voltage falls to zero. Life expectancy 
as a reference is about 2 years. 

The silicon junction diode is not ex¬ 
pected to exhibit either random- or time- 
dependent variations in reverse or for¬ 
ward voltage drop when operated within 
its thermal rating. Several of these 
diodes have been tested for a continuous 
period in excess of 9,000 hours and neither 
type of fluctuation has been observed. 
The author believes that the physical 
theory explaining the properties of the 
silicon diode bears out this observation. 
Additional assurance must, of course, 
await more experience both in the manu¬ 
facturing process and in circuit use. 
This is probably the place to point out 
that, like other semiconductor junction 
devices, the electrical properties of the 
junction are affected by moisture, but it is 
expected that hermetic sealing will pro¬ 
vide adequate protection. 

Conclusions 

Through the judicious use of several 
diodes connected in series, some in the for¬ 
ward direction and others in the reverse 
direction, it should be possible to “tailor- 
make” a voltage standard having close to 
a zero temperature coefficient, a net pos¬ 
itive temperature coefficient, or a nega¬ 
tive temperature coefficient, as desired. 

Values of slope of less than 200 ohms 
should be obtainable for voltage stand¬ 
ards of about 100 volts using a series 
diode arrangement. For voltage stand¬ 
ards considerably less than 100 volts, 
such as might be desired for a 2-, 10-, or 
50-volt regulated rectifier, the diode volt¬ 
age standard should compete strongly 
with other references for it will be phys¬ 
ically small and have long life and a 
high order of stability. 

The future of this type of voltage stand¬ 
ard depends largely upon the cost, which 
in turn is closely related to demand. In 
view of the fact that the silicon junction 
diode has many other uses, such as in d-c 
“choppers,” in frequency-modulation 
discriminators, insurge protection circuits, 
and as clippers, as gate valves in com¬ 
puter circuits, and even as low-volt¬ 
age and low-current power rectifiers, it is 
possible that the necessary demand will 
be forthcoming. 

_ In any event, it is believed that de¬ 
signers of regulated rectifiers should con¬ 
sider the use of the silicon-alloy junction 
diode as a reference standard. It should 
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be most popular in circuits employing 
transistors, or combinations of transistors 
and magnetic amplifiers, where its 
small size, expected long life and 
stable characteristics will be commen¬ 
surate with similar parameters of the rest 
of the circuit. Other papers 7 * 8 discuss in 
more detail how the diode may be em¬ 
ployed in these circuits. 
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Discussion 

J. H. Miller (Weston Electrical Instrument 
Corporation, Newark, N. J.): This paper 
is important in bringing to the attention 
of engineers the fact that a reasonably 
accurate voltage standard is now available 
as a circuit element and which will fill a 
place between the low voltage of the stand¬ 
ard cell and the high voltage of a glow- 
discharge tube. 

Up to this time the applications so far 
discussed have been largely with regard 
to functioning as a voltage reference from 
which an amplifier operates on a relatively 
powerful rectifier system. However, in 
the field of measurement there are numerous 
applications where a well-controlled voltage 
source would very considerably simplify 
the procedure. Resistance measurements 
of moderate accuracy, for example, require 
a comparison of the current flowing through 
the resistance in question to that flowing 
through a standard resistance with the 
same applied voltage, the comparison 
being made through the use of a balanced 
Wheatstone bridge or a ratio meter mech¬ 
anism, of which there are several com¬ 
mercial varieties. The simple series ohm- 
meter operated by a battery is considered 
less accurate and generally less acceptable, 
principally because of battery voltage 
variation, which requires, in turn, that 
every time a measurement or a group of 
measurements is made that the circuit be 
readjusted in some manner for the existing 
battery voltage. But using the reverse 
characteristic of an alloy junction diode 
it now appears that voltage regulation of 
an entirely new order can be obtained 
which will allow for much higher accuracy 


in the over-all use of series-type ohmnieters 
at the expense of a limited amount of aux¬ 
iliary apparatus and, it is hoped, at small 
additional expense. 

A further important factor in the use 
of the reverse-current characteristic in 
the measurement art is the fact that the 
voltage values are down in the region 
where they match the voltages required 
for instrument operation; a gas tube 
holding a potential at 100 volts is very 
wasteful if a fraction of a watt is wanted, 
stabilized at, say, 1 volt. Further, the 
reverse current characteristic does not 
require an initial overpotential as is the 
case with the gas tube where it is necessary 
to initiate an arc before regulation com¬ 
mences. Thus the power source can 
operate, in the case of a battery supply, 
all the way down to the regulated poten¬ 
tial. 

At the other end of the potential 
spectrum, a 500-volt diode or set of series 
diodes would allow for simplified resistance 
measurement for the testing of insulation 
on a basis somewhat simpler than the 
currently used device embodying a hand- 
driven generator. 

While perhaps not exceeding the number 
which will be used in the communication 
and power fields, it is quite probable that 
the various uses in the measurement field; 
may well become quite as important, 


D. H. Smith: Mr. Miller has raised some 
interesting aspects regarding potential uses 
of the silicon-alloy junction diode in the 
field of instrumentation. I see no reason 
why the diodes cannot be used as he sug¬ 
gests, and I share his hope that costs will 
be moderate. 
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T HE understanding of magnetic re¬ 
cording and playback processes and 
the applications for magnetic recording 
have made considerable strides during the 
last 15 years. In the period of the early 
1930’s magnetic recorders had to operate 
with a recording-medium speed from 5 
to 10 feet per second to secure a frequency 
response from 50 to 5,000 cycles per 
second. Today it is almost standard 
practice to achieve the same response 
characteristic with much higher signal-to- 
noise ratio and with considerably less 
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distortion even though the medium moves 
only with a velocity of 2.5 to 3 inches per 
second. This represents a speed reduc¬ 
tion of 20 to 1. The weight reduction is 
still greater, namely, 50 to 1 since the 
specific weight of plastic tape is at least 
2.5 tim es less than that of steel tape which 
was used at that time. No other method 
of recording, whether mechanical or 
optical, has made such an advance in such 
a short period. A brief review of the his¬ 
tory of magnetic recording indicates that 
20 years ago the available magnetic-re¬ 
cording media with their relatively low 
coercive force limited the high-frequency 
response. In about 1936, Vicalloy tape, 
with more suitable magnetic properties, 
shifted the burden of improvements to 
magnetic heads. Then, coated magnetic 
tape and ring heads made their appear¬ 


ance, both intrinsically capable of a per¬ 
formance characteristic which has as yet 
not been fully exploited. 

Recording Media 

Of all the various magnetic-recording 
media which have been employed in the 
past, only the ones using magnetic par¬ 
ticles imbedded in plastic materials have 
achieved a position of prominence. 
Wire and tape, whether made from a solid 
magnetic alloy or by plating a magnetic 
alloy on a nonmagnetic core, are now used 
only for special purposes. There are good 
reasons for preferring a recording medium 
with a thin layer of dispersed magnetic 
particles. Such layers can be easily 
applied to a wide plastic or paper base 
which can be cut into tapes of any desired 
width. These tapes have great me¬ 
chanical flexibility, are relatively light, 
and can be conveniently handled by the 
user. Furthermore, they possess mag¬ 
netic properties much superior to those of 
solid or plated tapes. 

The iron-oxide particles which consti- 
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FiS-1. Basic structure of a magnetic ring head 


tute the magnetizable substance of the 
layer have an average particle size of ap¬ 
proximately 0.4 micron. Particles rarely 
exceed 0.7 micron and are mostly needle- 
shaped with a length-to-thickness ratio 
of about 4 to 1. The bulk magnetic 
properties of these layers can be changed 
over a considerable range of coercivity. 
The most widely used tapes have a coer¬ 
civity from 200 to 300 oersteds and a 
remanent induction of about 600 to 800 
gausses. Higher coercivity does not add 
materially to the medium’s capability of 
retaining short wave length signals if at 
the same time the remanent induction 
cannot be substantially increased too. 
Unfortunately, it is not easy to raise the 
remanent induction much since the coat¬ 
ing becomes brittle when the percentage 
content of magnetic particles is too large. 
Present-day coatings contain by weight 75 
to 85 per cent, and in volume 45 to 55 
per cent magnetic particles. The rela¬ 
tively low remanent induction values are 
dictated by two factors, namely, the de¬ 
magnetization of the material because of 
the nonmagnetic gaps between particles, 
and the reduced effective cross section 
since only half of the layer is occupied by 
particles. It would indeed be desirable 
to have a magnetic-recording medium 
with higher remanent induction and also 
with higher coercivity because the energy 
content of the reproduced signal would 
correspondingly increase. Much work is 
done these days to obtain an increase of 
remanent induction by more suitable 
shaping of particles so that they can be 
arranged in a pattern which will mini¬ 
mize the demagnetization effect. It is 
weh to recognize, however, that for sound¬ 
recording applications magnetic media 
have been perfected to a point where 
there is now little pressure for further im¬ 
provements. 

This statement does not apply when 
magnetic-recording systems are employed 
for instrumentation work. So-caUed 
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dropout of signals which can be traced to 
nonmagnetic impurities and pinholes in 
the coating adversely affect the use of 
magnetic tapes for computers and telem- 
etery. Surface roughness, nonuniform 
particle distribution, and variation of 
coating thickness, all causing undesirable 
level variations, make it practically im¬ 
possible to retain data with the required 
accuracy when the conventional intensity 
method commonly used for sound record¬ 
ing is employed. It is therefore general 
practice to resort to some coding method 
such as a frequency modulation, pulse- 
width-ratio modulation, or other similar 
schemes. Incidentally, d-c values and 
low-frequency phenomena can also be re¬ 
corded and reproduced when carrier 
techniques are applied. Unfortunately, 
the use of many such tricks introduces 
new problems which are caused by speed 
variations of the recording medium. 
This will be discussed in somewhat greater 
detail in a later part of this paper. 

It should be mentioned here that the 
recent introduction of DuPont Mylar 
polyester film as a support for a magnetic 
coating has greatly reduced speed varia¬ 
tions because of its higher elastic modulus 
than that of acetate film which, so far, 
has served almost exclusively as base ma¬ 
terial for magnetic tapes. In addition, 
Mylar polyester film maintains great 
physical stability over a temperature 
range from -60 to 95 degrees centigrade 
(C). Measurements reported by mem¬ 
bers of the Reeves Soundcraft Cotpora- 
tion indicate that a 48 to 72 hours’ ex¬ 
posure to 150 C caused only a 3 per cent 
permanent shrinkage, and a 72 hours’ ex¬ 
posure to 125 C produces less than 1 per 
cent shrinkage. Since the moisture ab¬ 
sorption of Mylar is 1/30 that of cellulose 
acetate, all practical problems of shrink¬ 
age and swell disappear. Recent im¬ 
provements have also been made in re¬ 
ducing the coefficient of friction of the 
magnetic layer by surface polishing and 
by adding lubricants to the coating. 
This is important in counteracting flutter 
effects which are caused by friction- 
excited vibrations. 

The question is frequently raised as to 
what extent presently available recording 
media might control the shortest wave 
length which can still be recorded and 
reproduced. Since, in a rough approxi¬ 
mation, each half wave length can be as¬ 
sumed to equal the length of a dipole 
magnet, and since each particle might be 
considered the shortest possible magnetic 
dipole, particle sizes of 1/2 micron will 
permit recording wave lengths as short as 
} micron. This is equivalent to record¬ 
ing 25,000 cycles per lineal inch along the 
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motion of the recording medium. If fre¬ 
quencies up to 4 megacycles have to be 
retained, as might be needed for storing 
the information content of a television 
program, the minimum velocity of the re¬ 
cording medium is approximately 13 l / 2 
feet per second. 

It has been reported by members of the 
Radio Corporation of America that video 
recordings have been made with a tape 
speed of 30 feet per second, but more 
than one magnetic track has been em¬ 
ployed . N o specific information has been 
given regarding the highest frequency 
which this system is capable of recording 
and reproducing on anyone of the four 
video channels. 1 * 2 Present-day commer¬ 
cial magnetic-recording systems can re¬ 
solve wave lengths of about 0.0004 inch. 

Magnetic Heads 

At this stage of the art, the magnetic re¬ 
producing head sets the limits. The ef¬ 
fective gap length of the head must be 
smaller than the wave length which the re¬ 
producing device is expected to read. To 
build a practical head with a gap length 
of less than 1 micron is a difficult if not 
impossible task. The degree of required 
mechanical accuracy is far beyond that 
which can be reliably and consistently ob¬ 
tained. The making of heads with an 
extremely small gap length is further 
aggravated by the fact that many ma¬ 
terials which might magnetically be 
suitable for pole pieces have a rather 
Coarse grain structure. This is particu¬ 
larly true for the ferrites which are other¬ 
wise attractive because of their low eddy- 
current losses. When it comes to record¬ 
ing and reproducing frequencies in the 
megacycle range, eddy-current losses are 
serious. Magnetic heads made by stack¬ 
ing up laminations of permalloy or other 
high mu materials are not too practical 
in this frequency region. It is also neces¬ 
sary that the separation between mag¬ 
netic layer of the recording medium and 
the gap be of a smaller dimension than 
the length of the gap. 

During the last 10 years the so-called 
magnetic ring head has been the basis of 
all major head design efforts. In a mag¬ 
netic ring head, the magnetic material 
forms an essentially closed structure with 
one or more nonmagnetic gaps. The 
magnetic-recording medium bridges one 
of these gaps. A schematic sketch of a 
balanced ring head is shown in Fig. 1. It 
comprises two pole pieces of equal dimen¬ 
sion, each equipped with one winding. 
The effective gap length which deter¬ 
mines the resolution power in reproduc¬ 
tion is determined by three factors: The 
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thickness of the spacer separating the 
pole pieces; the sharpness of the pole-tip 
corners at the point of contact with the 
recording medium; and the distance be¬ 
tween the pole-piece surface and the re¬ 
cording medium. Fig. 2 shows the un- 
equalized response versus frequency of a 
commercially available head (Brush BK- 
1090). To obtain consistently such a 
response curve, most careful workman¬ 
ship and elaborate tooling is required. 
The pole faces are made flat and the 
corners sharp prior to inserting a dose- 
tolerance nonmagnetic shim. The con¬ 
tact areas of the pole pieces are polished 
to improve contact conditions between 
the magnetic layer of the recording 
medium and the head. The effective 
gap length of this head is 3 by 10 -4 inch 
and is determined by inspecting the re¬ 
sponse of the head versus wave length and 
by locating the first point of minimum 
output in the short wave length range. 3 

The playback heads are responsive 
only to rate of flux changes. This means 
that the voltage output is proportional to 
the frequency. In practice, this holds 
true only for a limited range. The repro¬ 
duction of very short wave lengths brings 
in the gap-length effect. The reproduc¬ 
tion of wave lengths much longer than the 
contact length between pole pieces and 
recording medium in the direction of tape 
motion causes a part of the recorded flux 
not to enter the head. Under this condi¬ 
tion, an 18-decibel-per-octave rule ap¬ 
plies. Magnetic heads responsive to the 
amplitude of flux have been built. One 
type employs the beam deflection of a 
cathode-raylike tube located between two 
pole pieces forming a narrow gap where 
they touch the medium. 4 ’ 6 Magnetic- 
amplifier principles are used in another 
approach. This is accomplished by chang¬ 
ing the permeability of the magnetic 
structure of the head by means of a suita¬ 
bly excited high-frequency magnetizing 
field which does not affect the recorded 
signal.® Both these heads can read flux 
emanating from a stationary medium but 
are subject to the same limitation with re¬ 
gard to long and short wave lengths, as 
outlined before. A d-c signal, longi¬ 
tudinally recorded, cannot be detected by 
any head, since no flux leaves the surface 
of the medium when the internal flux 
density remains constant along the 
length of the recording track. 

Recording and Reproduction of 
Wide-Band Frequency Phenomena 

Attention might now be turned to the 
many applications for magnetic record¬ 
ing. One can broadly differentiate be- 



Fig. 2. Output versus frequency for BK-1090 


tween two major usages, namely, record¬ 
ing and reproduction of wide-band fre¬ 
quency phenomena as they occur in acous¬ 
tical and other related work, and the re¬ 
cording and reproduction of pulses. For 
sound recording, only a limited degree of 
long-time stability is needed. It gener¬ 
ally suffices if the relative amplitude of the 
various frequency components is main¬ 
tained and the noise is kept small in rela¬ 
tion to that of low-level signals and dis¬ 
tortions do not exceed a predetermined 
value. Magnetic recording will meet 
these requirements well. While there is a 
tendency for short wave length signals to 
exhibit with time and with the number of 
playbacks level reductions relative to 
long wave length signals, these changes of 
one or possibly two decibels are generally 
not objectionable. A signal-to-noise ratio 
of better than 60 decibels is unique in 
comparison with other methods of record¬ 
ing. Harmonic distortions even at this 
excellent signal-to-noise ratio do not ex¬ 
ceed 2 to 3 per cent in commercially 
available equipment. Signal transfer 
from one to an adjacent layer of tape, 
when wound on a reel, might be considered 
a deficiency. However, the level of the 
transferred signal is 49 to 57 decibels 
down for many commercial tapes. 7 The 
magnitude of the printed signal depends 
on the period of contact between layers, 
the magnetic properties of the magnetic 
layer and its past history, the intensity of 
the signal recorded thereon, the prevail- 
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ing temperatures, the external magnetic 
field conditions, and the separation of the 
magnetic layers of the tape. When mo¬ 
tion-picture film base is used as support 
for the magnetic layer, signal transfer is 
extremely small. On the other hand, the 
use of thinner tapes than the conventional 
acetate ones, such as have been proposed 
for Mylar polyester film, might create a 
serious printing problem. The applica¬ 
tion of a small erasing field prior to re¬ 
production has been recommended since 
it will reduce noticeably the printed signal 
but will hardly affect the parent signal. 8 

In the reproduction of sound, casual 
defects such as caused by nonuniformity 
of the coating or temporary change of 
contact between recording head and 
medium are hardly observable. Experi¬ 
ence with six magnetic sound tracks and 
one control track, as pioneered by 
Cinerama, has shown the excellent per¬ 
formance capabilities of magnetic record¬ 
ing. Cinerama’s Cinemascope’s demon¬ 
strations of the acoustic effect of multi¬ 
channel sound systems might in due 
course lead to a commercial version for 
stereophonic reproduction in homes. 

In the field of computing devices and 
in the area of instrumentation, magnetic 
recording is playing an ever-increasing 
part. For these applications, some 
method of coding is frequently required to 
provide the necessary degree of accuracy. 
In telemetery and in the recording of 
seismic phenomena, errors must not ex- 
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ceed a few per cent. Since World War II, 
telemetering engineers have often chosen 
frequency modulation as an acceptable 
coding method. When the original signal 
is extracted from a frequency-modulated 
earner, flutter and wow of the recording 
medium cause the generation of un¬ 
wanted signals. Carefully designed d rive 
mechanisms with a peak-to-peak speed 
variation of 0.1 per cent are now available 
and keep errors within a few per cent, 
particularly when wide side bands are 
used. If accuracy of 1 per cent is de¬ 
sired, a constant-frequency signal can be 
recorded in addition to the frequency- 
modulated carrier to serve as a reference 
during playback. This reference fre¬ 
quency can either be made to control the 
speed of the recording medium during re¬ 
production or to provide some compensa¬ 
tion for a purely electronic correction 
method. 9 

Magnetic Pulse Recording 

Sampling methods are becoming more 
accepted lately. 10 In this approach, the 
instantaneous amplitude of the signal is 
determined at precise intervals and the 
magnitude of each sample is expressed 
either as the time-duration ratio of the 
positive and negative pulse length of a 
square wave, or as a digital number. 
The first type of coding is identified as 
pulse-width-ratio modulation, and the 
second as pulse-code modulation. In the 
pulse-width-ratio modulation usually only 
one recording channel is used. In pulse- 
code modulation it becomes frequently 
practical to record the binary number cor¬ 
responding to the amplitude of the signal 
on parallel channels. Eight channels will 
reduce the error to less than 1 per cent. 

In either method, it is sufficient to use only 
three samples for each cycle of the highest 
frequency component contained in the 
signal if the sampling is done properly. 

Digital computer designers have worked 
extensively on pulse recording and play¬ 
back techniques for the last 7 years. 
They frequently employ tape to store 
input and output information and often 
use drums as intermediate short-time 
memory devices. It is obviously desira¬ 
ble to pack as many pulses as possible 
within a given surface area of the re¬ 
cording medium. In accordance with 
present-day techniques, 200 to 250 pulses 
per inch can be accommodated in the 
direction of motion if the recording 
medium and head can be operated in con¬ 
tact, and 80 to 100 pulses if the recording 
speed is so high that contact cannot be 
maintained. The pulse density across 
the width of the medium is much less, 
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particularly if accurate alignment of a 
number of head gaps is required as is fre¬ 
quently the case. Under those circum¬ 
stances only 13 to 15 magnetic tracks can 
be placed within 1 inch of recording- 
medium width, since each pole-piece 
structure with its associated magnetizing 
coil dictates a minimum separation of 
about 0.07 inch. If head-gap alignment 
is not necessary, 50 tracks per inch might 
be used. Since pulse-packing density is 
greater by at least a factor of two when 
head and medium contact each other, this 
arrangement is used wherever possible. 
In most commercial drums, however, the 
surface speed is so high that it has been 
the practice to space heads by a distance 
of 0.001 to 0.002 inch. Over the period 
of the last year, experiments have been 
made by the Clevite-Brush Development 
Company with 1-inch diameter drums 
employing a rubber tire with imbedded 
magnetic particles as a recording medium 
and maintaining physical contact betwe en 
the tire surface and the magnetic head. 
Even though the drum rotates at 3,600 
rpm and, thus, has a surface speed of more 
than 180 inches per second, neither the 
head nor the tire have shown any ob¬ 
jectionable wear and deterioration after 
more than three billion revolutions. 
Rubberlike bands with imbedded mag¬ 
netic particles were developed by the Bell 
Telephone Laboratories for applications 
where long life in continuous use is re¬ 
quired. For some years the Clevite- 
Brush Development Company has made 
magnetic bands for announcing and con¬ 
trol systems and for delay devices. 

For some applications, the use of small 
drums might be quite advantageous not 
only because more pulses can be accom¬ 
modated per square inch of surface but 
also because the volume-to-surface ratio 
increases proportionally with the diam¬ 
eter thus making a bigger drum more 
wasteful in terms of space requirements. 
Also, the mechanical accuracy required 
for a small drum does not need to be as 
great as that for a 10- to 14-inch diameter 
drum which has heads slightly spaced from 
the periphery. 

Recent Applications of Magnetic 
Recording 

One of the great advantages in using 
magnetic tapes to handle input and out¬ 
put data of a computer lies in the fact 
that a 10-inch reel loaded with 1/4-inch 
tape and occupying a space of 16 cubic 
inches can retain as many bits of infor¬ 
mation as can be accommodated in a 
volume of approximately 3.5 cubic feet 
filled with typical paper cards now fre- 
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quently serving as storage media. Fur¬ 
thermore, the random access time to 
magnetically recorded data is at least 16 
times faster than to markings on paper 
cards. Tape-controlled machine tools 
are still in the experimental stage. In¬ 
formation representing the work cycle is 
stored on the recording medium and dic¬ 
tates the machine motion and on-off 
operations during playback. 11 

It is only recently that magnetic re¬ 
cording has begun to play an important 
part in the field of geophysical explora¬ 
tion work. Up to now, signals generated 
by explosive charges and reflected by the 
various boundary layers of the earth’s 
strata are picked up by a series of geo- 
phones and are optically recorded on a 
suitable photographic paper. In many 
instances it is desirable, and often essen¬ 
tial, to delay slightly one graphic tracing 
with regard to another, or to eliminate 
certain frequency components to obtain 
best results when interpreting a record by 
visual inspection. However, it is rarely 
known in advance what means ought to 
be applied to get a most informative re¬ 
cord, and it becomes frequently necessary 
to fire a second shot so that the appro¬ 
priate filters may be used between geo¬ 
phones and the recording equipment. 
This is expensive. On the other hand, if 
signals from geophones are first magnet¬ 
ically recorded, the most suitable filters 
and time delays can be chosen while 
transferring the data, as many times as 
necessary, from the recording medium to a 
visual chart record. The original mag¬ 
netic record can also be preserved and 
used at later times when new methods of 
evaluation are available. 

During World War II, various military 
agencies had found magnetic recording 
valuable for special applications but the 
total sales of all devices built in this period 
never exceeded a few million dollars. 
Even as late as 1945, magnetic recording 
was practically unknown to the public. 
There are no accurate sales figures availa¬ 
ble for 1953. Conservative estimates 
indicate that more than 200 million dol¬ 
lars’ worth of magnetic sound-recording 
equipments and accessories alone were 
bought by the American public and the 
interest is still growing. But the real 
future of magnetic recording lies in the 
area of instrumentation and in the field 
of computers, business machines, and 
control mechanisms. 
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Discussion 

C. J. LeBel (Audio Devices, Inc., New York, 
N.Y.): It is good, if most unusual, to see 
a magnetic recorder manufacturer who has 
kind words about magnetic recording tape. 
From this point of view, the most interesting 
part of Dr. Begun’s paper is the indication 
that tape might be used to record up to 
25,000 cycles per second per inch of tape 
speed. An excellent support for this figure 
is the fact that the Radio Corporation of 
America group cited seems already to be re¬ 
cording nearly 15,000 cycles per second per 
inch of speed. This is far beyond the 2,000 
cycles per second per inch which has gener¬ 
ally been regarded as a maximum. 

In other matters I fear that the paper is 
not always on as sound ground. The author 
states that surface polishing reduces the 
coefficient of friction of a magnetic layer. 
This is completely contrary to our experi¬ 


ence, for a tape which has been polished by 
use or by other means always shows a higher 
coefficient after such treatment. This is 
true, regardless of the manufacturer of the 
tape, and regardless of the hinder formula¬ 
tion used. 

Dr. Begun suggests that reduction of 
coefficient of friction of the magnetic layer, 
by adding lubricants to the coating, is a re¬ 
cent improvement. Audio Devices, Inc. 
has done this for over 6 years, which would 
hardly seem to make it a very recent im¬ 
provement. 

In his comments on dropouts the author 
neglects recent improvements in tape manu¬ 
facturing methods. For over a year we 
have manufactured tape with not more than 
one dropout in 50,000 feet 1/4-inch width 
(using 0.050-inch multiple tracks for the 
test). 

As an old disk recordist, I must challenge 
Dr. Begun’s statement that tape’s signal to 
noise ratio of better than 60 decibels is 


unique in comparison with other methods 
of recording. Hot-stylus recording on 
lacqer disks will produce with ease a signal- 
to-noise ratio of over 75 decibels. In this 
respect, it is lacquer which is unique amongst 
direct recording materials 


S. J. Begun: I am glad that Mr. LeBel 
called my attention to a number of points 
where he felt that I have been in error. I 
cannot agree, however, with all the state¬ 
ments made by him, e.g., those related to 
signal dropout and signal-to-noise ratio. 
At least in these two instances the experi¬ 
ence of others who have also a seasoned 
background in the recording field does not 
concur with Mr. LeBel’s remarks. 

By the way, the paper was not presented 
by “a magnetic recorder manufacturer”; 
I attempted to survey the magnetic-record¬ 
ing field in accordance with the best infor¬ 
mation available to me. 
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Synopsis: A practical standard for direct 
current has been developed and is incorpo¬ 
rated into a high-accuracy measuring instru¬ 
ment. Utilizing the stability of a perma¬ 
nent magnet, this device may be stored and 
used under extreme conditions of tempera¬ 
ture, and it is relatively insensitive to vari¬ 
ation in operating conditions. 

A STUDY of the measurement and 
control of process variables led to 
the conclusion that a significant contribu¬ 
tion could be made to this art, particu¬ 
larly in the design of a measurement sys¬ 
tem susceptible of use over wider ranges 
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of temperature than those in use today. 
The ruggedness of critical components of 
such a system was also a consideration 
of extreme importance. A new measure¬ 
ment system for potentiometer measure¬ 
ment has been described in another 
paper. 1 An element of great importance 
in this system is a standard for direct cur¬ 
rent employing a well-stabilized per¬ 
manent magnet. 2 

The function of this component is to 
relate the magnitude of direct current 
and the magnitude of physical angle of a 
shaft carrying a stable permanent mag¬ 
net. An inequality results in an elec¬ 
trical actuating signal which, in the afore¬ 


mentioned measurement system, is used 
in an amplifier-motor combination to 
correct the angle until the actuating signal 
is reduced to zero. In the balanced con¬ 
dition the angle is a precise measurement 
of the current. This arrangement is 
shown schematically in Fig. 1. 

Since the magnetic standard may be 
used in practice to effect a relationship of 
current with angle or of current with cur¬ 
rent, other interesting applications, such 
as in a constant current device, in a pre¬ 
cise telemeter of angle, and in a cur¬ 
rent comparator or repeater have been 
made. 

Objective 

The objective for such a magnetic 
standard included the following; 

1. The precise relating of direct current 
with shaft angle, including a proportional 
relationship. 


D-C 


Fig. 1. Block diagram of d-c 
measuring system employing 
the magnetic standard 
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2. Stability of calibration of 0.02 per cent 
for a period of several years. 

3. Ability to withstand temperature ex¬ 
tremes of —25 and +70 degrees centigrade 
without permanent change in calibration, 
storage, and operation. 

4- Suitable physical dimensions for inclu¬ 
sion. in a process control instrument of con¬ 
ventional size. 

5. Production of a usable signal for servo¬ 
motor operation for a condition of unbalance 
of 0.02 per cent of full scale value. 

6. Economical production. 

Principle of Operation 

The principle of operation may be 
readily understood by examination of 
Fig. 2. The d-c input acting through 
coil D creates a magnetomotive force 
(mmf) which is applied to magnetic core 
A. To balance this mmf another input 
is applied by means of magnet C, which 
is rotatable upon a shaft whose axis lies 
in the plane of the paper. The shaft 
position may therefore be varied until the 
net nunf acting on the core is zero. For 
any condition of unbalance, there is a 
net flux in the core. 

To obtain an a-c actuating signal in the 
winding B upon the core, it is necessary to 
cause a cyclic variation of the permeability 
of the core. This is done in Fig. 2 by 
cross-magnetization of the core using coils 
E and F. If these coils are excited with a 
sufficiently high level of half-wave recti¬ 
fied current, their mmf will saturate the 
core once during each cycle, thus lowering 
its permeability once per cycle. The net 
mmf resulting by subtracting that of the 
direct current from that of the mag¬ 
net then produces a cyclically varying 
flux in coil B, which produces an electro¬ 
motive force at the terminals of this coil 
which is of the same frequency as the' 
excitation supply. Fig. 3 illustrates the 
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F OUTPUT SIGNAL 
WITH CAPACITOR 0 

wave forms of the various electric and 
magnetic quantities involved. Fig. 3(A) 
illustrates the variation of excitation cur¬ 
rent in coils E and F. Fig. 3(B) shows 
the exciting flux in core A, and Fig. 3(C) 
shows the variation of permeability in the 
core as a result of saturation. Fig. 3(D) 
illustrates a condition of unbalance as 
shown by the unvarying signal mmf and 
the cyclically varying signal flux which 
follows the variation in permeability of 
the core. This variation of flux induces a 
voltage in winding B, as illustrated in 
Fig. 3(E). The actuating signal may be 
smoothed by application of a suitable 
capacitor across the coil terminals. If 
the polarity of the signal mmf is reversed, 
that of the signal flux also reverses and 
the actuating signal voltage changes in 
phase 180 degrees from the voltage illus- 
trated. In this way, the device creates a 
signal voltage which is a measure of the 
sense as well as of the magnitude of the 
unbalance. 

Construction 

For numerous practical reasons, the de¬ 
vice in use, illustrated in Fig. 4, differs ma¬ 
terially in construction from the illustra¬ 
tive sketch of Fig. 2. C. W. LaPierre 8 
suggested the possibility of combining the 
input coil and the actuating signal coil; 
see the Appendix for details. In practice, 
this coil is divided into two equal portions 
which are wound upon the outer legs of a 
silicon-steel punching, the general shape 
of which is shown in Fig. 5. These coils 
are so connected that the fluxes produced 
in the legs are as illustrated and a partial 
return path for flux is provided by a can 
of magnetic material which also serves to 
shield the device from external fields. 



In Fig. 5, the magnet is shown in the posi¬ 
tion where it exerts no useful mmf effect 
upon the core. When the magnet is 
turned from this position, a part of its flux 
can be caused to follow the core, as illus¬ 
trated by the dotted arrows in Fig. 5. 

Thus, for each value of current within 
the range of the device, there is a value of 
angle of the magnetic which will produce 
zero flux in the outer legs of the core. 
The recognition of unbalance is achieved 
by adding a pair of windings connected as 
shown in Fig. 6 and excited through a 
half-wave rectifier. These windings 
create the exciting flux, whose entire path 
is in the core, which induces in the input- 
output windings electromotive forces 
which cancel one another because of the 
relative polarities of connections shown. 
The wave forms of Fig. 3, when con¬ 
sidered in terms of the outer legs of the 
punching, apply as they did to Fig. 2. 

A study was made of the effect of varia¬ 
tion of permeability of steel with time 
and the effect of clamping silicon-steel 
stacks. One basic conclusion reached 
was that best performance could be ob¬ 
tained by use of a single lamination in 
which stress could be minimized by clamp¬ 
ing it to the supporting frame at one point 
only. The spools are supported by the 
frame and do not touch the lamination. 

It has already been noted that the coils 
of the system encircle the outer legs of the 
lamination and that a partial return path 
for flux from the d-c coil is provided by 
the shield can. This return path ef¬ 
fectively prevents flux from the d-c coil 
from cross-magnetizing the magnet. Sig¬ 
nificant for operating the device are the 
keyhole-shaped slots which lie in the core 
poles. These cause a continued washing 
of the poles by the excitation flux and re- 
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Fig. 4. Interior view of standard showing magnet/ lamination/ and coils 


duce to an insignificant amount any 
tendency to residual magnetism that 
might be expected because of the proxim¬ 
ity of the poles to the permanent magnet. 

The addition of the rectifier in the exci¬ 
tation circuit 2 has proved to be an im¬ 
portant contribution since it created an 
actuating voltage of the frequency of 
excitation and, at the same time, rend¬ 
ered this voltage relatively independent 
of variations in magnitude of the excita¬ 
tion voltage. A reinspection of Fig. 3 
will suggest that, with a-c excitation and 
without the rectifier, the core flux would 
rise twice per cycle to saturation. There¬ 
fore, the permeability would fluctuate at 
second-harmonic rate and produce a 
second-harmonic actuating signal. The 
relative difficulties of amplification and 
servomotor operation using a second-har¬ 
monic signal are widely known, and the 
cost of the instrument in which the stan¬ 
dard is used would have been excessive 
had it been necessary to provide a second- 
harmonic reference voltage for the servo¬ 
motor. 

Because of the impracticability of pre- 


Fig. 5. 


Schematic of magnetic circuit and in¬ 
put windings 



rise duplication of the linear charac¬ 
teristics, a silicon-steel adjuster, called 
the trim, was added. This may be seen 
disassembled in Fig. 4. When in use, it 
is brought into relationship with the 
magnet, as shown in Fig. 7. It has the 
property of inserting an adjustable bow 
of ±0.15 per cent maximum in the 
characteristic, as illustrated in Fig. 8. 
The magnet and core shape were so chosen 
that the average characteristic with the 
trim at the center of its adjustment is 
truly linear. The trim then is used to 
rectify the characteristic where combina¬ 
tions of parts assembled at random show 
a resultant characteristic lying beyond 
0.05 per cent from the average. 

One significant quality of a device of 
this precision is the effect upon calibra¬ 
tion of the ambient temperature. This 
arises chiefly from the change of strength 
of the magnet and was found to be for this 
device approximately —0.018 per cent 
per degree centigrade. To reduce this 
error, some experimental work was done 
with the Curie alloy of iron and nickel 
which has been used successfully in other 
applications. 4 It was determined, how¬ 
ever, that a practical compensation could 
be achieved by electrical means, and a 
high-resistance shunt of negligible tem¬ 
perature coefficient was connected across 
the d-c coils. With respect to this, it 
must be noted that the device demon¬ 
strates a temperature memory effect on 
the order of 0.02 per cent. 

One characteristic studied by re¬ 
searchers in a similar investigation 4 is the 
quadrature component signal which ap¬ 
pears as a broad null when investigated 
qualitatively. This signal has a tend¬ 


ency, when large, to saturate the input 
of the amplifier. When used with a 
direct-reading null detector, it makes the 
determination of the balance point less 
well defined. A method of reducing 
quadrature signal was investigated and as 
a result a tertiary winding of few turns 
was added to each outer leg of the core. 
In production, one of these windings is 
closed experimentally through an external 
resistor to reduce the quadrature voltage 
in those units where it is excessive. The 
quadrature appears to be linked to those 
constructions in which the magnetic con¬ 
figuration is not completely symmetrical. 

Performance Characteristics 

The new standard has an angle-to- 
current relationship for 60 degrees of 
angle and 0 to 5 railliamperes of current 
with a maximum deviation from linearity, 
occurring at half-scale, of 0.05 per cent. 
It has an error not greater than ±0.5 per 
cent for changes in excitation voltage of 
± 10 per cent. The ambient temperature 
error is less than 0.05 per cent at tempera¬ 
ture extremes of —18 to 50 degrees centi¬ 
grade. 

Installed in an instrument case, it has 
an error caused by stray field of less than 



Fig. 6. Lamination and exciting winding 


LAMINATION 



MAGNET 


Fig. 7. Physical relationship of trim to magnet 
and lamination 
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0.04 per cent for a 5-gauss field of 60-cycle 
frequency and for a 5-gauss d-c excited 
field. Life tests have demonstrated that 
the device has a stability which is of the 
order of accuracy of measurement (0.02 
per cent) for periods in excess of 2 years, 
even when subjected during this period to 
weekly temperature cycles of —20 to 


be noted that the core configuration is sim¬ 
ilar to that described in this paper but that 
the d-c input and signal windings are sepa¬ 
rate and the input windings are placed upon 
poles on the core. Also of interest is the 
indicated necessity of providing double¬ 
frequency excitation for the reference phase 
of the motor. While LaPierre illustrated 
reduced sections in the core to provide 
saturation, his patent covered core forms of 


50 degrees centigrade. other natures so designed as to provide 

appropriate saturation. He also pointed 
Conclusion °j lt t ^ ie possibility of combining the func¬ 

tions of the input and actuating signal coils. 


The new standard is believed suscepti¬ 
ble of use in many applications requiring 
a rugged, compact comparator insensitive 
to many interfering effects, including 
those of temperature, shock, gravity, 
vibration, etc. 

Appendix. La Pierre Method 

Basic work on a magnetic standard is 
given in reference 3. Fig. 9 illustrates the 
construction shown in this patent and 
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Discussion 

L. E. Rinker (Leupold & Stevens Instru¬ 
ments, Inc., Portland, Ore.): The device 
described in this paper will undoubtedly 
find many applications in the recorder and 
servocontroller measurements field. The 
accuracy of the device will depend upon 
precision mechanical fabrication, and it is 
also somewhat limited by the fact that it is 
linear in calibration only over a range of 
approximately 60 degrees. The fact that it 
is necessary to incorporate a “trim” adjust¬ 
ment makes it subject to human error and, 
therefore, it would appear to be more 
properly described as a "comparator” 
instead of a “standard.” 


F. C. Fitchen, F. P. Schwieg, and W. H. 
Tucker: Mr. Rinker’s comments are ap¬ 
preciated. It was not possible in the 
body of the paper to discuss at length 
the effects of tolerances of manufacture and 
of assembly of parts. Experience has 
confirmed predictions that the only critical 
procedures are care in handling the lamina¬ 
tion after annealing, and in handling the 
magnet after charging. 

Increased scale length for readability is 
possible without loss of accuracy through 
the use of antibacklash gearing. 

The authors do not feel that the existence 
of the trim adjustment should deny this 
device the title of standard, since all stand¬ 
ards are subject to human error. For 
example, compare with the American Stand¬ 
ards Association’s definition for resistance 
standard which states "A resistor which is 
adjusted with high accuracy to a specified 
value. . .” 1 

Reference 

1. American Standards Definitions of Elec¬ 
trical Terms. ASA C.42-1941 , American Stand¬ 
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Alteration of the Dynamic Response of 
Magnetic Amplifiers by Feedback 


manner when the transfer functions of 
the system elements are known. 2 

Transfer Function for Magnetic 
Amplifier Without Feedback 


R. O. 

ASSOCIATE 

T HE purpose of this paper is to ex¬ 
plain and illustrate the use of feed¬ 
back techniques in the alteration of the 
dynamic response of full-wave magnetic 
amplifiers with d-c outputs. A general¬ 
ized sinusoidal transfer function for a 
single-stage magnetic amplifier with feed¬ 
back through frequency sensitive ele¬ 
ments is derived, and several examples are 
given of the application of the feedback 
method in servo systems. Feedback, as 
discussed in this paper, is external and is 
applied to a basic amplifier in such a 
manner as to change its frequency re- 


DECKER 
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sponse characteristics. The self-saturat¬ 
ing amplifier, in particular, is considered 
to be a basic amplifier to which negative 
or positive feedback may be applied, 
although the analysis is also valid for other 
types of magnetic amplifiers. 

The transfer functions developed in the 
paper are sinusoidal. They describe the 
steady-state response of the amplifier to a 
sinusoidal control signal. 1 The frequency 
response approach is used because the 
analysis and design of servo systems 
based on the frequency analysis method 
can be carried out in a straightforward 


A magnetic amplifier of the full-wave 
self-saturating type has a delay similar to 
that of an inductive circuit if the residual 
delay of the amplifier is neglected. The 
inductive delay is caused by the induced 
voltages which appear across the control 
windings during the time that a change in 
average output is occurring from half¬ 
cycle to half-cycle. The induced voltage 
can be considered to be similar to the 
back electromotive force of a linear in- 
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Chicago, Ill., October 11—15, 1954. Manuscript 
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Fig. 1. Block diagram of magnetic amplifier 

A—Without feedback 
B—With feedback into separate windings 


ductive circuit with an apparent induct¬ 
ance L c proportional to N c 2 where N c is 
the number of control turns. 3 The time 
constant of the amplifier is then 


where L c is proportional to Nf and R c is 
the control circuit resistance. 

The gain of the magnetic amplifier can 
be specified in several ways, but it is con¬ 
venient to use a gain factor K which re¬ 
lates the change in average output volt¬ 
age to the change in average control am¬ 
pere turns. This factor K is a constant 
over a considerable range of output volt¬ 
age for a given amplifier and a given load 
although, in general, it depends on core 
and rectifier characteristics and load im¬ 
pedance. The sinusoidal transfer func¬ 
tion of the amplifier can be written as 
follows 

K- c 

Eo,. ^ Re (2) 

where K is a gain constant in volts per 
ampere-turn; E 0 is the average output 
voltage; E c is the average control volt¬ 
age; and T a is the time constant of the 
amplifier proportional to (N c 2 /R c ). The 
block diagram of the amplifier is shown 
in Fig. 1(A). 

The residual delay, which does not ap¬ 
pear in equation 2, is a fixed delay which 
occurs because the flux level of a core is 
set during 1 half-cycle of the supply fre¬ 
quency and a change in output voltage 


Fig. 2 (right). Three methods of feed¬ 
back around magnetic amplifier 

A—Resistance coupling 
B—Separate feedback windings 
C—Feedback into control windings 


occurs on a second half-cycle. The ef¬ 
fect of this additional delay will be to in¬ 
crease the phase shift of the amplifier; 
thus the phase shift calculated from 
equation 2 will be in error. However, 
this error is small when T A is several times 
the period of 1 cycle of the supply fre¬ 
quency, and in the analysis presented in 
this paper the amplifier is treated as a de¬ 
vice with a single time constant. 

Transfer Function for Magnetic 
Amplifier With Feedback 

To achieve drift and gain stability, d-c 
negative feedback is widely used in self- 
saturating magnetic amplifier applica¬ 
tions, but very little has been published 
concerning the use of positive or negative 
feedback through frequency sensitive ele¬ 
ments. The dynamic response of the 
amplifier can be altered by this technique 
to fit a particular servo application. 
Steady-state feedback networks can be 
combined with capacitors or inductors to 
produce amplifier attenuation and phase 
characteristics that will reshape the open- 
loop frequency locus of a servo system to 
obtain dynamic stability. The magnetic 
amplifier is well suited to this application 
because the feedback quantity may be re¬ 
sistance-coupled into the control circuit, 
or feedback into isolated windings may 
be employed. 

One type of feedback is accomplished 
by feeding back a portion of the output 


voltage directly into the control circuit, 
with resistance coupling, as diagrammed 
in Fig. 2(A). If the control circuit does 
not load the output circuit, the transfer 
function can be expressed in the usual 
manner for an amplifier with voltage feed¬ 
back. 4 

However, this method of feedback is not 
as flexible as the method of feeding back 
into separate windings, as shown in Fig. 
2(B), and the major portion of this paper 
will be devoted to a discussion of the 
considerations involved when the feed¬ 
back quantity is coupled into the ampli¬ 
fier through feedback windings. The 
first step to be taken in discussing this 
type of feedback is the analysis of the 
manner in which feedback and control 
signals axe mixed in the amplifier. A 
convenient starting point for this analysis 
is to assume that the control and feedback 
windings can be represented as linear in¬ 
ductances, proportional to N c 2 and Nf 
respectively, and these linear inductances 
can be considered to be mutually coupled 
in the usual manner. 

In the Appendix an analysis is carried 
out for the case of an impedance Z placed 
in series with the feedback windings. 
The following transfer function is derived 
for the amplifier with the imposed condi¬ 
tion that the feedback circuit does not 
load the control circuit. Stated another 
way, (N c 2 /R c ) must be several times larger 
than (Nf/Z) over the frequency range of 
interest. 
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This transfer function is exactly that ob¬ 
tained by considering the block diagr am 
shown in Fig. 1(B). From this diagram 
it can be seen that if the feedback circuit 
does not load the control circuit, the feed¬ 
back windings will present a negligible 
inductance to the feedback signal, but the 
feedback signal to the summing point is 
delayed by the time lag of the control 
winding. 

Another method of feedback, nearly 
equivalent to the one just discussed, is 
that shown in Fig. 2(C). The simplified 
transfer function developed for the case 
of separate feedback windings ran Be 
used with Nf being replaced by N c . 
Again the restriction is made that the 
feedback circuit does not load the control 
circuit, which means in this case that Z 
must be several times larger than R c . 
In addition, the restriction must be im¬ 
posed that the impedance of the control 
circuit external to the control winding is 
large enough that the feedback ampere 
turns are equal to ( E 0 N e /Z ). 


A Generalized Sinusoidal Transfer 
Function 

The simplified transfer function has 
been developed with assumptions that are 
usually justified in practice. A general¬ 
ized equation for the sinusoidal transfer 
function of a single-stage full-wave mag¬ 
netic amplifier with feedback through a 
network that has no more than one energy 
storage element can be developed from 
equation 3. The transfer function is 


jEo ... 


i +j<*r 1 

l+jaTz-^TxTi 


Ty, Tt, and Tg are time constants asso¬ 
ciated with the feedback networks and the 
amplifier. 

When 7i is less than T% the magnetic 
amplifier is a lag-lead network that can 
be used effectively in servo applications. 
When T\ is greater than (T 2 /l — u^TiTz), 
the amplifier is a lead-lag network. It 
can be readily seen that the usefulness 
of the feedback method in making the 
amplifier a lead network is limited by the 
term cd 2 7i7j. When u^TiTg equals 1, 
the denominator of equation 4 has a phase 
angle of 90 degrees, and the net phase 
angle is negative even though the time 
constant 7\ is very large. Furthermore, 
increasing Ti to obtain more phase lead 
increases the term c o^Ti and shortens 


the useful range of frequencies. 

Variation in the values of T h Ti, and 
Ti can be obtained by adjusting the 
parameters of the feedback networks. 
Table I gives the value of T h T%, and T x 
for several networks when feedback into 
separate windings is employed. The 
values will also apply for the method of 
feedback into the control winding, with 
the restrictions previously noted, and with 
the term Nf being replaced by N c . For 
network C of Table I, an additional re¬ 
striction must be imposed. If the transfer 
function of the amplifier is to conform with 
the generalized equation, the time con¬ 
stant of the feedback winding, which is 
proportional to (Nf/Rf), must be small in 
comparison with the time constant T\. 

From Table I it can be seen that the 
same transfer function can be obtained 
for several feedback schemes. For exam¬ 
ple, negative feedback through an inte¬ 
grating network such as network B or C 
will give the amplifier a phase lead charac¬ 
teristic, with the limitations noted above. 
Positive feedback through a differentia¬ 
ting network such as network D will have 
the same effect, although it is generally 
preferable to use negative feedback be¬ 
cause the possibility exists of converting 
the amplifier into an oscillator with the 
positive feedback method. 

The advantages of the feedback method 


Table I. Feedback Schemes 


Feedback Network 


Type of 
Feedback 



Negative 



-L r R 2 



fsjf> Negative 
Positive 

Negative 


Negative 
Nf Positive 


_1-L_ J 

/ 

E 

Ri 

R< 

HZ 

\ c 

ZJ- 


__, , 

L 

F 

Rt r 2 1 


j 


Negative 


Negative 


\Ri+ RtJ 


('_Ki*L\ c .. 
\ Ri+Ras 


Ta 

l+K(Nf/Rf) 

Ta 

1 — K(Nf/Rf) 

Ti + Ta 
X+K(N f/Rf) 

Ti+Ta 

X—K(Nf/Rf) 

T\Ta 

l+KNf/Rf 

Ti+Ta 

X—K(Nf/Rf) 

Ti+Ta+KN/C 
Ti+Ta-KN/C 

Ti+TA+KNjCOk/Ri+Rs) 
l+VCNf/Rt+Rt) • 
’ Pi+ Ta ~ .KN/CWNi+fo) 

1 -(KNf/Rx+Rt) 

Ti+TA+KNjC(Ri+Rt/Rt) 

X + (KNf/Rt) 

Ti+Ta- KNfC(Ri+Rt/R t ) 
l-(KNf/R*) 


Ta 

1 + (KNf/Rf) 
Ta 

1 -(KNf/Rf) 
Ta 

l + ( KNf/Rf) 
Ta 

1-(KNf/Rf) 


Ta 

'X + [KNf/(R 1 +R i )Y 
Ta 

l-(KN f /(R, + R i )] 

Ta 

’ 1 + (KNf/Ri) • 

. Ta 

1 - (KNf/Rt) 


KNc/Rc 
1 +(KNf/Rf) 
KNc/Rc 
X —(KNf/Rf) 


KNc/Rc 
X +(KNf/Rf) 
KNc/Rc 
X-(KNf/Rf) 

KNc/Rc 
1 +(KNf/Rf) 
KNc/Rc 
1 — (KNf/Rf) 

KNc/Rc 

KNc/Rc 


KNc/Rc 

‘X + [KNf/(Ri+R*)} 
■ KNc/Rc 
X — (KNf/(Ri + Rt) ] 


KNc/Rc 
X + (KNf/Rt) 
KNc/Rc 
X -(KNf/Ri) 
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Fig. 3. Amplitude and phase plots for 60-cycle amplifier 


in obtaining system compensation is 
readily shown by an examination of the 
terms in Table I. In obtaining phase lead 
by network C, the lead time constant 7\ 
is the product of R and C. R can be very 
large since in general K is large and within 
limits N f may be made large. In net¬ 
works D and E the major lag time con¬ 
stant is KNfC; and here again the prod¬ 
uct KN f , which has the dimension is 
resistance, may be made very large, with 
the result that C may be made small. 
For example, a typical value for the prod¬ 
uct KNf is 100,000 ohms. This con¬ 
trasts with typical series resistance levels 
of 1,000 to 10,000 ohms in the control cir¬ 
cuits of magnetic amplifiers. Another 


for testing purposes. The first step in 
determining the characteristics of interest 
was to measure the volts per ampere 
turn gain of each amplifier. Next, the 
time constant was measured by applying 
a small sinusoidal test signal to the con¬ 
trol circuit and the variations in the out¬ 
put voltage measured by placing a non¬ 
loading, calibrated resistance-capacitance 
filter on the output with a time constant 
such that sinusoidal variations in the 
envelope of the average voltage could be 
measured. 

To facilitate comparison of experi¬ 
mental and theoretical data, the general¬ 


ized transfer function was put in the follow¬ 
ing normalized form 


gl [ 1+? '(^) <> ] 

i+j(-)«-(-)* 

L \"n/ \«nf J 


Here 


1 




For a wide range of values of a and 0 the 
amplitude and phase angle of the nor¬ 
malized equation versus the normalized 
frequency ratio (&>/«„) were computed 
by the useof a digital computer, and curves 
were plotted of the amplitude and phase 
angle of the normalized equation. For a 
number of curves, the frequency-sensitive 
portion of the normalized equation was 
checked by experimental testing on the 
60- and 400-cycle push-pull amplifiers. 
The basic procedure used in the experi¬ 
mental testing was to select a network 
and adjust its parameters to obtain cer¬ 
tain values of a and 0. The values of K 
and Nf for each amplifier were fixed, al¬ 
though T a was varied by using several 
different values of R c . 

Experimental and calculated curves for 
various values of a and 0 are plotted in 
Figs. 3 and 4. It can be seen that good 
correlation has been obtained between 
the theoretical expressions and experi- 


advantage of the feedback method is that 
filtering action is readily obtained. 
When network C is used to obtain phase 
lead, the magnetic amplifier and the 
integrating network serve to filter out 
much of the noise which is usually a by¬ 
product of series differentiating circuits. 
Also, the possibility of combining d-c 
negative feedback with frequency com¬ 
pensation is an attractive scheme because 
of the stabilizing effect on gain and drift. 
The core and rectifier materials used in 
magnetic amplifiers are temperature sensi¬ 
tive ; and if stability over a wide tempera¬ 
ture range is desired, d-c negative feed¬ 
back is needed. 

Experimentation 

To check the validity of the generalized 
transfer function, a 60-cyde'and a 400- 
cyde push-pull magnetic amplifier with 
reversible polarity d-c output were used 



Fig. 4. Amplitude and phase plots for 400-cycle amplifier 
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C, D, E, F—Amplitude and phase curves of compensated system 


mental data. The small differences are 
due to second-order effects which have 
been neglected in the analysis, such as the 
residual delay of the amplifier and the 
loading effect of the feedback windings. 
In particular, it has been found that for 
extreme values of R and C in network D 
of Table I, the zero-frequency gain of the 
amplifier is decreased by adding the feed¬ 
back network. 

System Application 

The feedback method has proven to 
be of great value in providing compensa¬ 
tion in a wide variety of regulating and 
servomechanism systems, and this por¬ 
tion of the paper will discuss two 400- 
cyde servomechanisms which were sta¬ 
bilized principally by feedback tech¬ 
niques. 

The servo amplifier in each system was 
a 2-stage high-gain magnetic amplifier 
employing push-pull full-wave circuitry. 
Frequency insensitive negative feedback 
was used around each stage to minimize 
drift and to stabilize the gain of the ampli¬ 
fier. With three-to-one feedback around 
each stage the amplifier has a drift, in 
terms of control current, of not more 
than 5 microamperes over an ambient 
temperature range of —65 to +71 degrees 
centigrade, and with 10-per-cent varia¬ 
tions in supply voltage and frequency. 
With a 10,000-ohm input resistance this 
drift, in terms of signal voltage, is 50 
millivolts. For a 1-volt-per-degree syn¬ 
chro this is a position error of 0.05 de¬ 
gree. For a 400-millivolt-per-degree syn¬ 
chro this is a position error of 0.125 degree. 


The first step in stabilizing the systems 
was to measure the frequency response 
characteristics of each amplifier stage and 
the motor-gear train-load combination. 
Frequency response plots of the combined 
transfer function were then made, and 
stabilizing networks were chosen after a 
few trial calculations, which were made 


using the equations developed in this 
paper. Frequency-response plots oi the 
compensated systems were then made to 
predict the stability of the closed loops. 
The chosen networks were inserted in the 
system, and open-loop measurements 
made to check the theoretical transfer 
function. 





B 


Fig. 7. Position servomechanism/ system 2 

A—Schematic diagram 
B—Block diagram 


662 


Decker—Alteration of the Dynamic Response of Magnetic Amplifiers 


January 1955 








R c * 



Fig. 8 (left). Frequency response characteristics of system 2 

A, B—Amplitude and phase curves of uncompensated system 
C, D, E, F—Amplitude and phase curves of compensated system 

Fig. 9 (above). Idealized representation of magnetic amplifier winding 

Lo=aN 6 8 

L f = a Nf*_ 

M = VULf=aN,N f 


The first system, diagrammed in Fig. 5, 
was set up to obtain a velocity constant 
of 700 seconds -1 . The velocity constant, 
which is high for a magnetic amplifier 
system, was obtained with an amplifier 
voltage gain of 200 and a gear ratio of 50 
between the motor and control trans¬ 
former. The transfer function of the un¬ 
compensated system was determined 
experimentally to be 

G\GiGs — 

_700_ 

(1 +>0.005)(1 +>0.003 )(1 +>0.03)(>) 

This transfer function is drawn as a solid 
line in Fig. 6. The uncompensated sys¬ 
tem has a crossover frequency of 125 
radians per second and a phase margin 
of —45 degrees, indicating an extremely 
unstable condition if the loop is closed 
with no attempt at compensation. 

The high crossover frequency, 20 cycles 
per second, made compensation of this 
system especially difficult, and the system 
locus was reshaped to give a lower cross¬ 
over frequency. This was done by mak¬ 
ing the first-stage amplifier a lag-lead net¬ 
work by using negative feedback through 
network D of Table I. Additional phase 
lead was obtained by a series network be¬ 
tween stages, which changes the transfer 
function of the second-stage amplifier 
from a single-delay transfer function to 
an expression similar in form to that of 
the generalized transfer function. Net¬ 
work parameter values were chosen after 
a few trial calculations, and the transfer 
function of the compensated system was 
calculated to be 

•GiGiGa — 

700(1 +>0,056)(1 +>0.01) _ 

(l+>0.5—« 2 0.0003)(1+>0.003 — 
co 2 0.00003)(»(l+ia)0.003) 

This function is plotted in Fig. 6 as a 
dashed line. The calculated crossover 
frequency is 63 radians per second; the 


calculated phase margin is 35 degrees; 
and the calculated gain margin is 8 deci¬ 
bels (db). Experimental measurements 
showed a crossover frequency of 70 radians 
per second, a phase margin of 35 degrees, 
and a gain margin of 6 db. 

The second system, diagrammed in 
Fig. 7, uses a larger motor. The system 
was set up to have a velocity constant of 
150 seconds -1 . This velocity constant 
was obtained with an amplifier voltage 
gain of 125 and a gear ratio of 50 between 
the motor and control transformer. The 
transfer function of the uncompensated 
system was determined experimentally to 
be 

G1G1G3 — 

_150_ 

(1 +>0.005)(1 +>0.003)(1 +>0.1)0) 

This transfer function is plotted in Fig. 8. 
The uncompensated system has a cross¬ 
over frequency of 35 radians per second, 
with a phase margin of —2 degrees; which 
indicates an unstable system if the loop 
is closed with no compensation. The 
low crossover frequency of the system sug¬ 
gested the use of a lead network to obtain 
stability and network C of Table I was 
chosen. The value of i?i+i ?2 was chosen 
to give the same amount of d-c negative 
feedback as before compensation; thus 
the low-frequency gain of the system re¬ 
mained the same. Additional stability 
was again obtained by a series network 
between stages. Network parameter 
values were chosen after a few trial cal¬ 
culations, and the transfer function of 
the uncompensated system was calcu¬ 
lated to be 

_ 150( 1 +>0.025)( 1 +>0.004) 

GiGtGt - ^ 1 +J . w0 0Q4 _ W 20.00004)(l + 

.>0.005 - « 2 0.00002)(»(1 +>0.1) 

This transfer function is drawn as a 


dashed line in Fig. 8. The calculated 
crossover frequency is 50 radians per 
second; the calculated phase margin is 
44 degrees; and the calculated gain mar¬ 
gin is 5 db. Experimental measurements 
on the compensated system show a cross¬ 
over frequency of 54 radians per second, 
a phase margin of 40 degrees, and a gain 
margin of 5 db; thus the system is ef¬ 
fectively damped. 

These systems are but two of many that 
could be cited. They were chosen as 
examples to show two different methods 
of stabilizing. In the first system the 
crossover frequency was too high to allow 
phase lead networks to be used effec¬ 
tively; therefore, the system* locus was 
reshaped to yield a lower crossover fre¬ 
quency. The additional phase lead 
necessary to make the system well sta¬ 
bilized was then obtained by a series- 
compensating network between stages. 
In the second example the crossover fre¬ 
quency of the uncompensated system 
was low; thus it was possible to obtain 
phase lead and to extend the crossover 
frequency by a combination of feedback 
around the first stage and by series com¬ 
pensation. 

Conclusions 

A generalized transfer function for a 
magnetic amplifier with feedback has 
been derived, and the theoretical expres¬ 
sion has been verified by experimental 
testing. It has been shown that, al¬ 
though the time constant of the amplifier 
is a limiting factor on the performance, 
some of the limitations can be overcome 
by the proper use of feedback. Several 
examples have been given which should 
serve as a guide in the application of feed¬ 
back techniques to magnetic amplifiers 
in servo systems. 
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Appendix 

. Assume that the magnetic-amplifier wind¬ 
ings can be represented as shown in Fig. 9. 
The equations for the circuit are 

E c ~I c (R c +juL c ) —jea MIf 

Eo—I f (Z +juL/) —juMI c 

where Z is understood to mean Z(Jw). 
Solving for I c and If 

j _ £c( z -\-j<aLf) -f- EpjuM 
ZR C +ZjcoL c -f -RcjuL f 

j -SqC-Rc -f j<*>L c )+ 

f ZR c -f- Zjo)L e 4 -RcjuL / 

The next step in relating the output volt¬ 
age to the input voltage is to substitute 
these values for I c and If in the following 
equation 

Eo^KZNI 

Eq = KN e I e —KN/If 

When this is done, the following equation 
results 

-go KN e Z +KN c jaL f -KNjjo>M 

Eo ZRc -f •ZjaLc +RJcoL f- f- 

KN^ +jcoL c )~KN c jcoM 

This can be simplified by making use of the 
following relationships 

N e Lf « aN e N/ 2 = NfM 

N f L c = aN f N e * = N c M 

therefore 

Eo^_ KN C Z _ 

E c = ZRc +ZjuL e +R c juL f +KN / R c 

This can be written as 

A_ K(N 0 /Rc) _ 

■Sc 1 +MLc/Rc) +ju>(Lf/Z) +K(Nf/Z) 

By making use of the relationships 
Lf—aNf 2 , Lc^aNc 2 
the equation becomes 
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Discussion 

M. Riaz (Massachusetts Institute of Tech¬ 
nology, Cambridge, Mass.): The restric¬ 
tions on the loading effects of feedback 
windings in a single-stage magnetic amplifier 
as imposed by the author to his generalized 
transfer function do not appear to be war¬ 
ranted. If one accepts the given linear 
representation of the magnetic amplifier as a 
single time-constant system, a formulation 
of the dynamics of this device may be ob¬ 
tained which, at no extra cost in complexity 
of the analytical expressions, includes the 
action of loading. The resulting transfer 
function may then be considered as truly 
generalized, since it is not penalized by 
assumptions which, in some practical cases, 
cannot always be justified. This general¬ 
ized transfer function will also reveal the 
approximating conditions, independent of 
frequency, which are necessary to validate 
equation (3), and which are more precise 
than the condition Nf/Z CJV c */if c . This 
transfer function is actually given by the 
author in the Appendix; it may be written 
in operational form as 

g£ = _ K(N e /R c ) _ 

E C i+p[L c /Rc+L f /Z{p)] +K[Nf/Z(p )] 

( 6 ) 

It should perhaps be clearly stated that 
the derivation of this relation is based on the 


assumption (quite justifiable in practice), of 
perfect coupling between control windings. 
The block diagram shown in Fig. 10 is a 
representation of the complete transfer 
function which, in contrast to Fig. 2, shows 
the mutual loading effects on both control 
and feedback windings. To conform to this 
exact formulation, corrective terms must be 
added to Table I, which concern only the 
equivalent time constants T 2 and T 3 . 
These time constants corresponding to the 
first four feedback networks of Table I 
with negative feedback are shown in Table 
II. 

I have used this generalized approach in. 
connection with the study of feedback in 
d-c machines, which often exhibit transfer 
functions very similar to those of magnetic 
amplifiers. The method has been extended 
to cover the case of an n-winding machine, 
each winding being excited by a signal 
voltage through a linear passive network. 
The transfer relation is expressible in the 
form 



E r — signal voltage to winding r 
Z r(p) — equivalent Thevenin internal 
impedance of field coupling net¬ 
work and signal source to which 
is added the resistance of winding 
r 

cb(P) — open-circuit transfer ratio of 
coupling network connected in 
field r 

Equation 6 appears then as a special case of 
the general form given in equation 7 when 
n ■= 2, Ei - Ec, Zx = Rc, Et = £„, Z a = Z, 
and a 2 = 1. 

Block diagrams similar to Fig. 10 may 
directly be derived from the general transfer 
relations and, furthermore, with these 
representations, it is possible to include 
such nonlinear effects as those produced by 
saturation. 


^? = _ K(N C /R a ) _ 

Ec 1 +a(N c */R e +N f 2 /Z)(ju)+KN f /Z 

Since the feedback signal is obtained from 
a much higher power source than the con¬ 
trol signal, the following relationship will 
generally hold over the frequency range of 
interest 

Z * R e 
therefore 

-Ep K(N C /Rc) 

E e “ l+MLc/R e )+K{N f /Z) 

This can be written as 
go r (Nc/Rc) i 


go _[ (N c /R c ) "I 

L 1 +iw(£ c / 2 ? c ) J 

K 

i+k(~ - - 

\(1 +M1 


< Lc/Rc ) 


;)w/z) 


Fig. 10. Block diagram of 
complete transfer function, 
showing mutual loading effects 
on both control and feedback 
windings 



Table II. Time Constants Corresponding to First Four Feedback Networks of Table I 


Feedback 

Network 


(A) TA + (Lj/Rf) 
.14 K(,Nf/Rf) 

(B) .. . Ti + TA-t(Lf/Rf) 

l+KWf/Rf) . 

(C) Ti4rA4[£//(Ni-|-R a ) l 

14 X[N//(R l -f-R 2 )] • 
. Ti+Ta+KN/C . 


Ta 

' 1 +K(N//tif) 

Ta(L f/Rj) 
'l+K[N//(Ri+Rt)] 
. Ta + (L//R) 
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R. O. Decker : The restrictions on the load¬ 
ing effects of the feedback windings have 
been imposed as a matter of convenience in 
order to simplify both the block diagram 
and the expressions for T». and TV The 
restricting conditions are fulfilled in nearly 
all practical applications of magnetic ampli¬ 
fiers. 

I am grateful to Mr. Riaz for pointing 
out the similarity between the transfer 
function of the magnetic amplifier and that 
of a d-c machine. However, the block 
diagram which Mr. Riaz proposes has more 
physical significance if it is drawn as shown 
in Fig. 11. Either block diagram gives the 
same over-all transfer function, but this one 


Fig. 11. Transfer 
function; dynamic 
relationship between 
control voltage and 
control current 



N c 

Nc^CL/ 

Ec ► 

Rc 


l+p 

Ei+it 

Rc Z(pj 

+ *v 
+ 


shows more clearly the dynamic relationship 
between the control voltage and the control 
current. For example, in a d-c generator 
this block diagram would indicate that the 
field current is not established instan¬ 
taneously following a step change in control 
voltage. 



Mf 
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Synopsis : A study was made of the funda¬ 
mental properties of the high-current d-c 
arc in argon at atmospheric pressure, at 
currents of 25 to 100 amperes and for various 
electrode materials. Spectroscopic observa¬ 
tions were made on the arc, and data for 
the voltage-current and voltage-arc length 
characteristics were taken for all materials 
tested. Anode melting rates were de¬ 
termined for copper, iron, and titanium. 
In addition, some information on minimum 
starting currents was obtained. These 
arc studies made it possible to develop a 
new empirical equation which depicts the 
electrical characteristics of the arcs in¬ 
vestigated over a wide range of currents, 
including the positive slope region of the 
V-I curves. With this equation as a basis, 
reasonable energy and voltage balance 
relationships were developed and the 
relative values of the equation constants 
for the different materials were used for a 
comparison of their effects on the arc 
characteristics. In general, the arc is 
affected more by changes in gas composition 
than by changes in electrode materials. 
The melting rate data seemed to support a 
conclusion that in arcs of this type, over 
the current range studied, the anode drop 
is zero or extremely small. 

T HE Department of Electrical En¬ 
gineering of The Johns Hopkins Uni¬ 
versity has undertaken a series of investi¬ 
gations, sponsored by the Office of Naval 
Research, which are designed to lead to a 
better understanding of the high-current 
arc. Previous papers 1 ' 2 have emphasized 
the effect of the gas by studying arcs with 
one type of electrode (tungsten) in various 
gases, namely, argon, helium, and nu¬ 
merous argon-helium mixtures. This 
paper reports another in this series of in¬ 
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vestigations, and its goal is to evaluate 
the effects of various electrode materials 
on arcs in one gas, namely, argon. Tung¬ 
sten, tantalum, molybdenum, titanium, 
iron, and copper were chosen as electrode 
materials. They present as wide a varia¬ 
tion of electrode properties as possible 
within the physical limitations of the ex¬ 
periments. Argon, rather than air, was 
chosen as the atmosphere to prevent 
diemical reactions and to limit the effect 
to that of a single gas. Furthermore, 
considerable interest in argon has been 
created by the expansion of the field of 
inert arc welding during recent years. 

Description of Apparatus 

A cross-section view of the arc chamber 
is shown in Fig. 1. It was constructed of 
brass with 0 ring seals at all demountable 
joints. Cooling was provided by a rec¬ 
tangular water jacket around the central 
portion, and two windows were built in 
to allow spectrographic and visual ob¬ 
servations of the burning arc. 

An oil diffusion pump and a mechanical 
fore pump were used to evacuate the unit 
to a pressure of 1X10 - ® millimeters of 
mercury. Pressure was measured by 
thermocouple and Bourdon tube gages. 
Argon, 99.9 per cent pure, was supplied 
in gas cylinders at 2,000 pounds per 
square-inch pressure. A standard gas 
regulator valve reduced the pressure to 
5 pounds’ gauge, after which the argon 
was purified by passing through a refrac¬ 
tory tube loaded with titanium sponge 


maintained at 900 degrees centigrade in 
a tube furnace. At this temperature, the 
titanium reacted readily with nitrogen, 
the principle impurity present, so that 
the argon admitted to the cell was of 
very high purity. A commercial high- 
frequency arc starter was used to initiate 
the discharge, and the arc current was 
supplied from a 300-ampere d-c arc-weld¬ 
ing generator powered from a 220-volt 3- 
phase line. The spectrographic observa¬ 
tions were made with a Baird 3-meter 
spectrograph. Arc voltage and current 
were continuously recorded on Esterline 
Angus recording meters. 

Experimental Procedure 

To achieve consistent results, the ex¬ 
perimental procedures described in this 
section were followed rigorously. The 
desired gas purity was maintained in the 
cell by pumping it down to a pressure of 1 
micron, flushing it with argon, re-evacuat¬ 
ing it to 1-micron pressure, and then fill¬ 
ing it to the working pressure, which was 
slightly above atmospheric. The cath¬ 
ode electrode was pointed to aid the cath¬ 
ode spot to anchor, then both electrodes 
were cleaned by polishing with a fine-grit 
emery paper, followed by a wash in hexane 
and then water. Observation of the arc 
voltmeter and projected image of the arc 
indicated that the arc voltage varied as 
the anode and cathode flames shifted at 
random intervals. To alleviate this con¬ 
dition, a set of coils was installed on the 
chamber. A magnetic field of approxi¬ 
mately 500 gausses produced by these 
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coils effectively pulled in the cathode and 
anode flames, lining them up with the 
electrode axes. In addition, the mag¬ 
netic field constricted the plasma a slight 
amount, resulting in a burning voltage 
approximately a volt higher. A number 
of test runs and spot checks from timp 
to time showed that the magnetic field 
in conjunction with shaping of electrodes 
could reduce the measured voltage varia¬ 
tion for a given set of conditions to 0.2 
volt. 

Spectroscopic Measurements 

The purpose of the spectroscopic ob¬ 
servations was to determine how the elec¬ 
trode materials and the gas were distrib¬ 
uted between the electrodes and also 
what types of ions (gas or metallic) were 
active in the important regions of the arc. 
The optical system was arranged so that 
a lens located between the arc and the 
entrance slit of the spectrograph projec¬ 
ted an image of the arc on the slit and 
thus permitted light from selected regions 


in the arc to pass through the spectro¬ 
graph and be recorded on the photo¬ 
graphic plate. The data thus obtained 
could then be correlated with the elec¬ 
trical characteristics and the anode melt¬ 
ing rates, to help clarify the internal proc¬ 
ess of the arc. 

For these tests the electrode materials 
chosen were tungsten and molybdenum 
with an electrode separation of 1 inch 
and a current of 50 amperes. Argon was 
the gas in all cases. Spectrograms were 
taken beginning in a narrow region just 
in front of the cathode, followed by others 
across the arc plasma, with the final pic¬ 
ture just in front of the anode. The first 
set of pictures was taken for a tungsten 
cathode and a molybdenum anode. 
Examination of these disclosed that the 
argon lines were extremely intense in 
front of the cathode, and much weaker, 
but present, throughout the rest of the 
space between the electrodes. Molyb¬ 
denum lines appeared to be of about equal 
intensity throughout the entire discharge 
region, while tungsten lines appeared only 
in the vicinity of the cathode. Additional 
spectroscopic studies were made using 
another set of electrodes, with the polarity 


reversed to make the molybdenum elec¬ 
trode the cathode and the tungsten elec¬ 
trode the anode. This time the tungsten 
lines were found to be distributed through¬ 
out the entire region while molybdenum 
lines appeared only in the vicinity of the 
cathode. As before, the argon lines were 
very strong in front of the cathode and 
of lower intensity, but present, through¬ 
out the remainder of the arc. In general, 
these observations showed that for a 50- 
ampere arc up to 1 inch in length the 
anode material lines are found throughout 
the entire discharge, the cathode material 
lines are found only in the vicinity of the 
cathode, and the gas lines are present 
throughout the arc region with a large 
increase in intensity in front of the cath¬ 
ode. It seems reasonable to ass ume that 
in all cases where spectral lines of an ele¬ 
ment are found, ionization of that ele¬ 
ment has occurred and the degree of 
ionization is indicated by the intensity of 
the spectrum. It follows, then, that in 
the vicinity of the cathode all three of the 
elements (cathode and anode materials, 
and gas) supply charge carriers, while in 
the arc volume and in the region near the 
anode the gas and the anode material 
supply the positive ions. 

Anode Melting 

Estimates of the.energy input to the 
anode were made by measuring melting 
rates of iron, copper, and titanium anodes. 
This was accomplished by weighing tlie 
anode before installation, burning the arc 
for a measured period of time at a fixed 
current, and then reweighing the electrode 
at the end of the experiment. The three 
melting rate curves determined from this 
information are shown in Fig. 2. At low 
currents the melting rates drop to zero 
very rapidly; the heat dissipated at low 
currents, from the electrode end by con- 
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Fig. 4. 


V—I curves and V-S curve of arc between tungsten cathode and tantalum anode. Elec¬ 
trode diameter is 1 /4 inch and arc lengths are as marked beside each V-l curve 


duction, radiation, and convection, is a 
measure of what must be supplied before 
melting starts. In the intermediate cur¬ 
rent range, from a little above the start 
of melting up to 200 amperes, the curves 
seem to be linear. At higher currents 
they start to level off, probably because 
there is such a high energy input that 
insufficient heat is conducted through the 
electrode, resulting in the superheating of 
the melted material with a consequently 
greater radiation and convection heat loss. 
An interesting modification of Fig. 2 was 
secured by dividing the melting rate by 
the current, giving a new melting rate in 
grams per coulomb. Fig. 3 effectively 
shows that, once melting starts, the rate 
per unit of charge passed through the 
anode quickly reaches an almost constant 
value over a wide range. 

The sources of heat for the anode may 
be enumerated as follows: 

1. Heat of condensation of electrons, l4>. 

2. Thermal energy the electrons possess, 
2kT. 

3. Radiation from the cathode and plasma. 

4. PR loss in the anode. 

5. Kinetic energy imparted to electrons 
by an anode drop. 

Calculations show that the largest per¬ 
centage of the anode heat, at least 80 
per cent, comes from the heat of con¬ 
densation of electrons and approximately 
15 per cent may be derived from the ther¬ 
mal energy which the electrons possess, 
assuming a plasma temperature of 6,000 
degrees Kelvin. Radiation from the 
cathode and plasma and PR loss add only 
a very small amount in this case. Since 
processes 1, 2, 3, and 4 always take place, 
and since they account for over 95 per 
cent of the heat input to the anode, one 
must conclude that no appreciable heat 
is derived from an anode drop. This indi¬ 
cates that the anode drop is zero or very 
small. 

Copper may be used as an example 


Heat input per coulomb from melting rate = 
1.03 calorie 

Heat of condensation per coulomb = 1.02 
calorie 

Thermal energy per coulomb of electron = 
0.20 calorie 

The heat input to the anode necessary 
for the slight evaporation of copper that 
occurred was much less than the experi¬ 
mental error of measuring the anode 
melting rate and therefore has not been 
included in the tabulation. With due al¬ 
lowance given for the lack of exact knowl¬ 
edge of the work function for the anode 
surfaces and plasma temperature, the heat 
developed at the anode, to at least the first 
approximation, can be considered as at¬ 
tributable to the heat of condensation of 
electrons, J$. 

Arc-Starting Current 

Because of difficulties encountered at 
times in initiating an arc between test 
electrodes, a number of checks were made 
on starting currents between several elec¬ 
trode materials in argon, helium, and air. 
Doan 3 ' 4 * 5 seems to have been the first to 
report the inability to start an arc in very 
pure inert gases at low currents. He suc¬ 
ceeded in initiating such arcs only at high 
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currents. In the present work, arc-start¬ 
ing currents were determined by two 
methods. One was to bring the elec¬ 
trodes together and then separate them. 
The short-circuit current before electrode 
separation was used as a measure of the 
starting current. The other method was 
to set the electrode separation to a small 
value (1/13 inch in this case) and estab¬ 
lish a radio-frequency discharge across 
the gap with the arc starter. D-c voltage 
was then applied between the electrodes. 
If the resulting direct current was below 
the minimum starting current, no rigid 
cathode flame appeared, and the dis¬ 
charge was immediately extinguished 
when the radio-frequency voltage from 
the arc starter was removed. The values 
of starting current determined by the 
radio frequency arc starter method were 
about 10 per cent lower than those found 
by the short-circuit method. All the 
measurements were taken with a genera¬ 
tor open-circuit voltage of 60 to 70 volts 
and with the stabilizing magnetic field 
turned off. No self-sustaining arc would 
form below the minimum starting current 
but, once formed, the current could be 
decreased to as low as one-third of the 
starting value before the arc was ex¬ 
tinguished. For 1/4-inch tungsten elec¬ 
trodes the starting current was about 20 
amperes in argon, about 100 amperes in 
helium, and about 2 amperes in air. Re¬ 
duction of the cathode diameter reduced 
the starting current. A 1/16-diameter 
tungsten cathode required only 8 amperes 
in argon. Variation of the anode diam¬ 
eter did not seem to affect the starting 
current. 


Voltage-Current and Voltage- 
Separation Measurements 

Probably the arc characteristics most 
important to the electrical engineer are 
the variation of voltage across the arc as 
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Fig. 5. V-l and V-S curves of arc between 
diameter Is 1 /4 inch and arc lengths 


tungsten cathode and iron anode. Electrode 
are as marked beside each V-l curve 
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Fig. 6. V-l and V-S curves of arc between tungsten cathode and titanium anode. Electrode 
diameter is 1/4 inch and arc lengths are as marked beside each V-l curve 


the current is changed, while maintaining 
constant electrode separation (V—I 
curves); and the variation of voltage 
across the arc as the electrode separation 
is changed, while maintaining constant 
current (V-S curves). Considerable ef¬ 
fort was expended to secure curves as 
precise as possible by following all of the 
steps outlined in the experimental pro¬ 
cedure. With a tungsten cathode V-I 
and V—S curves were obtained for anode 
materials of copper, iron, titanium, molyb¬ 
denum, tantalum, and tungsten. Then, 
with tungsten as the anode, curves were 
obtained for tantalum, molybdenum, and 
tungsten as cathodes. Also, for compara¬ 
tive purposes, one set of curves was de¬ 
termined for tungsten electrodes in 
helium. The V—I curves were obtained 
at electrode separations of 1/8, 1/4, 3/8 
and 1/2 inch for currents of 25 to 100 
amperes. 

Accurate curves could not be obtaiiied 
for copper, iron, or titanium cathode ma¬ 
terials because of the rapid motion of the 
cathode spot over the electrode surface. 
The voltage and current values were con¬ 
tinuously fluctuating, and it was difficult 
to keep the arc burning for more than a 
few seconds at a time, even with the mag¬ 
netic field. 

The curves obtained for the various 
combinations of the electrode materials 
just indicated were quite similar in form, 
and it was felt that curves for three com¬ 
binations would be sufficient in this paper 
to illustrate the type of electrical be¬ 
havior followed by such arcs. The three 
curves chosen are shown, in Fig. 4 for a 
tungsten cathode and tantalum anode, 
in Fig. 5 for a tungsten cathode and iron 
anode, and in Fig. 6 for a tungsten cath¬ 
ode and titanium anode. Starting at 25 
amperes, all V—I curves had a slope 
which was initially negative, and which 
gradually became zero in the vicinity of 
60 amperes, and then positive with in¬ 
creasing current. The V—S curves were 


in all cases essentially straight-line func¬ 
tions. The slopes of these lines were the 
plasma gradients, and they varied from 
9.5 volts per inch for an iron anode to 12.5 
volts per inch for a titanium anode. 
The effect of the various electrode ma¬ 
terials could not readily be determined 
from visual studies of the voltage-current 
and voltage-separation curves because the 
curves for the different materials were too 
nearly alike. An equation representing 
the electrical characteristics of the arc as 
depicted by the curves was first developed 
and then analysis of the various parts of 
this equation brought out the electrode 
influence to the extent that it could be 
determined. 

Since the earliest studies of the arc, in¬ 
vestigators have developed empirical 
equations describing the relationship be¬ 
tween voltage, current, and the length of 
the arc discharge. Most of these equa¬ 
tions covered only the low-current range 
below 20 amperes. A search of the litera¬ 
ture disclosed no equation that would 
agree with the experimental results ob¬ 
tained here. Upon close examination of 
data equation 1 was found to satisfy the 
experimental curves over their entire 
range of 25 to 100 amperes. Further¬ 
more, some measurements taken at 200 
and 450 amperes indicated that equation 
1 held at these points. 

e=o+W-j- j-\-dT ( 1 ) 

where 

1 =arc length 
/=arc current 
a, b, c, d=* constants 

The equation constants for the me tal s 
tested are listed in Table I. These were 
determined by substituting experimental 
data into equation 1 and then solving four 
simultaneous equations. 

The value of equation 1 is that it pre¬ 
sents a quantitative comparison for any 
given arc of the four basic elements of 


which the arc voltage is comprised, repre¬ 
sented by the four terms of the equation. 
It also allows an analysis to be tnaflo of 
the energy distribution for any current 
over the range for which the equation 
holds. The constant a has the dimen¬ 
sions of volts and appears to depend on 
phenomena in the cathode region. 
Weight measurements on the cathode be¬ 
fore and after several of the tests showed 
that some anode material was transferred 
over to the cathode. Also spectrographic 
observations showed that anode material 
appeared in the cathode region even with 
fairly large arc lengths. The constant a 
is probably determined by a composite- 
excitation potential of the mixture of gas 
and metal vapor existing in the cathode 
region, and also by the work function of 
the cathode surface contaminated with 
anode material and gas. 

The constant b represents the gradient 
in the column in volts per inch, and 
measurements showed it to be constant 
for any electrode separation of from 
nearly zero to at least 1.25 inches. Also, 
it did not vary as the current was varied 
over the range of 25 to 100 amperes. 
The constant b is an indication of energy 
losses in the arc plasma. 

The constant c accounts for the nega¬ 
tive slope portion of the voltage-current 
characteristics, and had the dimensions 
of watts. This constant seems to be 
associated with the dissipation of heat in 
the cathode electrode. The brightness 
of the cathode remained nearly constant 
when the current was varied, indicating 
constant cathode power input, while the 
positive electrode showed considerable 
change of brightness with change in cur¬ 
rent. Also from Table I it can be seen 
that for a tungsten cathode the value of c 
is consistently in the neighborhood of 225 
watts, regardless of the material of the 
anode. On the other hand, when the 
cathode material is changed to molyb- 

Table I. Calculated Equation Constants 


Volts per 


Volts 

Inch 

Watts Ohms 

a 

b 

c d 


Tungsten Cathode in Argon 


--*-- M 

Anode 

Tantalum. 

. 3.8.. 

..12.0. 

...255.. 

.0.074 

Molybdenum... 

. 4.6.. 

..12.0. 

...260.. 

.0.052 

Iron. 

. 5.7.. 

.. 9.5. 

...210.. 

.0.070 

Tungsten. 

. 6.5.. 

..10.3. 

...235.. 

.0.047 

Titanium. 

. 7.6.. 

..12.5. 

...186.. 

.0.049 

Copper. 

. 9.5.. 

..11.5. 

...194.. 

.0.029 

Tungsten Anode in Argon 


Cathode 

Tungsten. 

. 6.5.. 

..10.3. 

...235... 

.0.047 

Molybdenum... 

. 7.4.. 

..11.2. 

...107... 

.0.036 

Tantalum. 

. 5.6.. 

..12.5. 

...186... 

.0.031 

Tungsten Electrodes in 

14.8....44.8. 

Helium 

...445... 

* 


* The arc in helium was not measured at sufficiently 
high currents to determine this constant. 
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denum, the value of c falls to 107 watts. 
This indicates that it is primarily a charac¬ 
teristic of the cathode. 

The constant d has the dimensions of 
resistance and determines the value of the 
positive slope of the voltage-current curve. 
At first this constant was thought to 
represent spreading resistance from the 
nonuniform flow of current into the end 
of the anode or cathode. However, 
energy dissipated by this term as PR loss 
in either cathode or anode did not show 
up. At the higher currents this energy 
would have been sufficient to melt even 
the high-temperature cathodes like tung¬ 
sten (which did not melt) and also to 
produce an anode-melting rate far above 
that which was actually measured. It is 
probable that d is part of the cathode drop 
and represents energy dissipated in the 
cathode flame, near the cathode surface 
but not in the body of the metal. 

An estimate of power dissipated in the 
various portions of the arc was made by 
multiplying the arc equation 1, through 
by the current I so that each term repre¬ 
sents power in watts. 

eI=*aI+blI+c+dP 

The bll term can be accounted for readily 
as it is the power consumed in the plasma, 
and from the melting rates of the anodes 
we know that approximately I<t> is dissi¬ 
pated there. The term c appears to be 
power dissipation in the cathode electrode. 
The remainder (aI-\-dP) —I(f> is con¬ 
sidered to be dissipated in the cathode 
region. Using information in Table I, 
the power distribution for a 50-ampere 
arc between tungsten electrodes separa¬ 
ted 1/2 inch may be computed as follows: 

anode 

I<f, = 50 X4.8 — 240 watts 

plasma 

6/1= 10.3 X1/2 X 50 = 257 watts 

cathode electrode 

c =235 watts 

cathode region 

(Ia+dI*)-I<t> =50 X6.5+ 

0.047X(50) 2 —240=203 watts 

Total 935 watts 

The voltage distribution for the 50- 
ampere arc appears to be as follows: 

cathode drop 

c 235 

a+-+</I=6.5+—+0.047X50 = 

I 50 

13.6 volts 

plasma drop 

6/=10.3X1/2 = 5.1 volts 

Total 18.7 volts 


This power and voltage analysis was 
somewhat clarified by the spectroscopic 
measurements. The spectrograms 
showed that excitation of the cathode 
material and of the argon gas occurred 
to an intense degree directly in front of 
the cathode. It would seem probably, 
then, that the 13.6 volts calculated for 
the cathode fall represents a composite 
excitation potential of the mixture of 
tungsten vapor and argon gas existing 
in the cathode region. Since the ioniza¬ 
tion potential of tungsten is 8.1 volts and 
of argon is 15.69 volts, the value of 13.6 
volts appears reasonable. 

Excitation lines of the anode material 
and of argon are found throughout the 
arc region, indicating that ionization of 
these two components provides ionic 
charges throughout the plasma. Ac¬ 
tually the metallic ions of the anode or 
cathode materials are not necessary to 
sustain the arc, the surrounding gas being 
sufficient. This is demonstrated in ex¬ 
tremely long arcs of 1 foot or more in 
length. The metallic ions are merely by¬ 
products of the heat associated with the 
fundamental electron emission and con¬ 
densation processes at the cathode and 
anode respectively. In short arcs of the 
type studied here, Hie metallic ions are of 
considerable importance, and their low 
ionization potential causes a substantial 
reduction in the arc voltage for a given 
current. 

Conclusions 

1. Electrical characteristics of the arc 
between metal electrodes in argon gas can 
be reproducibly determined to within a 
fraction of a volt when appreciable vapori¬ 
zation and melting of the cathode does not 
exist. This reproducibility is achieved 
when the negative electrode is pointed to 
anchor the cathode spot and a coaxial 
magnetic field is used to control the arc 
column. 

2. There is a minimum current below 
which an arc will not start in pure argon 
or helium between clean electrodes. The 
starting currents appear to depend upon 
the cathode dimensions, increasing or 
decreasing with cathode size. 

3. The following equation for the V-I 
curve of the arc holds over a wide range of 
currents, including the region where the 
curve assumes a positive slope 

e =c+6/+c/7+dJ 

From four points in the V-I curve, the 
constants may be evaluated for any elec¬ 
trode material, and thereby the performance 
of the arc can be determined over the entire 
range for which the equation holds. 

4. A complex situation exists at the 
cathode^ 

5. The plasma gradient for electrode 
separations up to 1/2 inch is essentially 


constant; measurements up to 1 1 A inches 
indicate constancy of the gradient up to 
this separation also. 

6. Anode-melting rates indicate that the 
condensation of electrons supplies most of 
the energy to the positive electrode. An 
anode drop does not seem to exist in this 
type of arc. 

7. Spectroscopic studies show that the 
anode material and enclosing gas are ion¬ 
ized throughout the arc region and are the 
source of positive ions everywhere in the 
arc except directly in front of the cathode. 
The major voltage drop in the arc occurs 
directly in front of the cathode, providing 
the power necessary for electron emission, 
for intense ionization of the enclosing gas, 
and for some vaporization and ionization 
of the cathode material. 

8. The arc voltage did not change as 
much with electrode materials used as with 
different gases used, such as argon and 
helium. The ionization potential of all 
metals tested differed, however, by only 
13 volts, whereas the ionization potential 
of helium is 8.8 volts higher than that of 
argon. Other factors, such as ionic mobili¬ 
ties, enter the picture, and additional 
studies along these lines should further 
clarify the effect of the enclosing gas and 
the electrode materials on the behavior of 
the high-current arc. 
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Discussion 

Robert C. McMaster (Batelle Memorial 
Institute, Columbus, Ohio): The authors 
are to be congratulated upon their unusually 
clear and effective presentation of excellent 
experimental techniques and results. The 
experimental conditions provided a degree 
of control and consistency of measurements 
not often attained in high-current arc 
measurements. In consequence, the data 
and conclusions appear more clear-cut and 
valid than are usually obtainable from such 
experiments. 

The analyses of the heat economies at 
the electrodes and in the plasma are 
unusually interesting. The plasma studies 
appear to confirm the observations of 
prior investigators. It would be of interest 
to determine how closely these observa¬ 
tional data conform to Suit’s law of simili¬ 
tude (conservation of energy across the 
plasma boundary, by equating heat pro¬ 
duced in the plasma to heat transferred 
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radially outward across the boundary). 
The facts that heat delivered to the anode 
appears to be supplied, for the most part 
(at least 80 per cent) from the heat of 
condensation of electrons, and that no 
appreciable heat is derived from the anode 
drop, deserve particular consideration. It 
may prove to be desirable to reexamine 
present concepts of the design of welding 
arcs and metal-melting furnace arcs in 
terms of this finding. 

The volt-ampere relationship (equation 
1) and the corresponding justification of 
its terms also offer considerable food for 
thought, particularly with respect to the 
constant d. If energies of the order of 


100 watts (10 per cent of the arc energy) 
are dissipated here, some study of the 
cathode flame phenomena and the control 
of this heat loss (for example, by directing 
it back onto the work in arc welding) may 
be justified. It is not immediately evident, 
however, how the cathode flame, which 
may be in parallel with the arc column 
(viewed as an electric circuit) contributes 
directly to the arc voltage drop. In terms 
of energy losses, however, this approach 
deserves consideration. 


J. W. Dzimianski and T. B. Jones: Mr. 
McMaster’s discussion is appreciated. The 


various physical processes taking place at 
the cathode were not resolved in our 
investigation; however, the existence of a 
complex situation in the vicinity of the 
cathode was clearly indicated. The use of 
the coaxial magnetic field in our experiments 
fixed the geometry of the arc so that the 
cathode flame was coincident with the arc 
column. In the case where the arc column 
is not coincident with the cathode flame, 
the portion of the arc drop represented 
by the constant d part of the volt-ampere 
relationship (equation 1) should be at¬ 
tributed to the arc region in the vicinity 
of the cathode rather than to the cathode 
flame. 


Some Recent Advances in the Economy 
of Routing Calls in Nation-Wide 
Toll Dialing 


IMRE MOLNAR 
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Synopsis: In the first part of the paper 
some of the important considerations in 
nation-wide toll switching are discussed. 
In the second part an arrangement in a 
new intertoll switching system is described 
which permits considerable simplifications 
in the equipment for the routing of toll 
calls. 

Nation-Wide Toll Switching 

T HE unprecendented growth in tele¬ 
phone stations and the demand for 
toll telephone service in the United States 
and Canada since 1945 has created a 
strong economic pressure towards mecha¬ 
nization of toll operation on a continent¬ 
wide scale. The ultimate goal of complete 
mechanization can naturally be achieved 
only in progressive steps spread over 
several decades, the first phase aiming at 
operator toll dialing, and the second p h a s e 
at subscriber toll dialing, with both phases 
overlapping at times. 

Toll dialing has been practiced on a 
limited regional scale in the United States 
for many years, by both operators and 
subscribers, and among both independent 
and bell system telephone companies. 
However, it is only recently that the tele¬ 
phone industry has devised and embarked 
upon an integrated plan for toll dialing 
which will embrace all of the United 
States and Canada. At the present tim e, 
about half of the long-distance toll calls 
are dialed by the originating operators, 


while the proportion of subscriber-dialed 
long-distance calls is still negligibly small. 
In short-haul toll traffic the great majority 
of calls are dialed either by operators or 
by the subscribers. 

Integrated subscriber toll dialing net¬ 
works have been serving for many years 
in several European countries. Such net¬ 
works have been working in Southern 
Germany for over 25 years; others are in 
operation in Belgium and Holland, while 
toll traffic is now dialed by subscribers 
over all of Switzerland. Much can be 
learned from their collective experience, 
but however impressive their technolog¬ 
ical progress may be, an integrated toll 
dialing plan for the whole North American 
continent has required many new ap¬ 
proaches, due partly to the types of serv¬ 
ice given here by telephone companies, 
partly to the telephone habits of the 
public, and partly to the very magnitude 
of the problem. It should be borne in 
mind, for instance, that the area of 
Switzerland is two-thirds that of West 
Virginia, that the total number of tele¬ 
phones there is about the same as in the 
city of Detroit, and that the number of 

Paper 54-503, recommended by the AIEE Com¬ 
munication Switching Systems Committee and 
approved by the AIEE Committee on Technical 
Operations for presentation at the AIEE Fall 
General Meeting, Chicago, III., October 11-15, 
1954. Manuscript submitted June 21, 1954; 
made available for printing August 23, 1954. 

Imrb Molnar is with the Automatic Electric 
Company, Chicago, Ill. 


telephones in the United States and 
Canada is almost twice that of the rest 
of the world together. 

To establish a toll dialing plan involves 
a multitude of prerequisites, of which the 
following are the more obvious: 

1. Toll dialing circuits. Such circuits 
must naturally be capable of transmitting 
dial pulses and other supervisory signals. 
They must be reliable, reasonably free from 
signal distortion, and immune from dis¬ 
turbances which might cause false signals 
or service disruptions, particularly when 
used in a subscriber toll dialing network. 

2. Automatic central office equipment. 
Toll dialing assumes that the central office 
at the point of destination is converted to 
automatic operation, though occasionally 
such calls may be terminated in call indica¬ 
tor types of manual offices. For sub¬ 
scriber toll dialing the originating office 
must likewise be automatic and the sub¬ 
scribers* dials must be of a suitable type. 

3. Automatic intertoll switching equip¬ 
ment. At intermediate and terminating 
points, automatic switching equipment 
must be provided for through switching of 
toll calls and for switching toll calls into 
local automatic equipment as well as to 
special service equipment. 

4. Transmission means. The toll circuit 
plant must meet the requirements of the 
prescribed transmission standards regard¬ 
less of the various types of intertoll circuits, 
intertoll switching equipment, and the 
various routes and number of switching 
points for the same destination. 

5. Numbering plans. Suitable numbering 
plans must be established for all subscribers 
who are to receive toll calls over the inter¬ 
toll dialing network, and suitable numbering 
plans must be established for routing and 
switching such calls through the toll plant. 

6. Circuit provisions. With automatic 
routing of toll calls a higher speed of 
service and therefore a more liberally 
engineered toll plant is required than with 
purely manual switching. When toll calls 
are to be dialed by subscribers, the pro¬ 
vision of the toll plant must approach 
the virtual no-delay performance of local 
switching. 

7. Toll ticketing means. For subscriber 
toll dialing means must be provided for 
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automatic registration of the toll charges 
and means for transferring these charges 
to the subscriber’s account. The intro¬ 
duction of such automatic toll ticketing 
equipment makes it economically feasible 
to introduce equipment to provide special 
routing and switching functions, over and 
above those required for operator toll 
dialing. 

In addition to these items there are a 
large number of others, less obvious but 
nonetheless important. They may be of a 
technical nature such as the provision for 
intercept service, or purely administrative- 
such as public relations, or a combina¬ 
tion of both such as directory informa¬ 
tion. Item 2 does not require further 
discussion; item 1 has been extensively 
treated in technical literature and there 
will, no doubt, be further improvements 
before completely satisfactory techniques 
are firmly established. Item 4 is in a 
state of fluidity and great advances both 
in general standards as well as in improved 
means can be expected. 1 Items 3 and 5 
are the subject of this paper which will 
deal with new and simplified approaches; 
item 6 will be briefly touched upon. Item 
7 is outside the scope of this paper inas¬ 
much as it concerns only the ultimate ob¬ 
jectives of subscriber toll dialing and these 
can be superimposed upon lire structures 
discussed here. 

The numbering plan, as devised by the 
Bell system, is based on the assumption 
that ultimately every telephone sub¬ 
scriber in the United States and Canada 
will be assigned a number which will be 
different from the telephone number of 
any other subscriber. Such numbers will 
uniformly consist of ten digits, the first 
three of which will designate the number¬ 
ing plan area, the next three the central 
office, and the last four the subscriber’s 
number in the central office. It is further 
planned that ultimately for routing of 
calls outside the calling subscriber’s own 
numbering plan area all ten digits will be 
required; that for calls within that 
numbering plan area only the last seven 
digits will be dialed, though in some 
cases seven digits will suffice for calls be¬ 
tween certain offices in two adjacent areas 
having a high community of interest; 
and that calls within smaller communi¬ 
ties may also be established by the dialing 
of the last five or four digits only. 

The United States and Canada, taken 
together, are divided into about 90 num¬ 
bering plan areas with other areas being 
added where the present subdivision 
proves to be inadequate. A state or prov¬ 
ince includes at least one whole number¬ 
ing plan area while many states or prov¬ 
inces have to be subdivided into several 
—as many as six—independent number¬ 


ing plan areas. Each area code has 0 or 1 
as its second digit, while the first and 
third digits are numbers from 2 through 9; 
therefore, with this scheme, it is possible 
to increase the number of areas to 128. 
By this numbering arrangement, in con¬ 
trast to the centra] office codes, the toll 
switching apparatus can distinguish be¬ 
tween calls destined to points within or 
outside of the numbering plan area. 

To each central office within an area a 
distinct 3-digit code is given consisting of 
the numerical equivalent of the first two 
letters of the central office name plus one 
numerical digit from 1 through 0. The 
same central office codes may be reused in 
many or all of the 90 numbering plan 
areas. At present about half of the total 
telephones are operated on this so-called 
2-5 numbering basis. The maximum 
theoretical number of central office codes 
per area is thus 600, excluding the 40 
codes set aside for radio-telephone serv¬ 
ice. The practically available number of 
codes, however, is considerably less, for a 
block of codes are required for the so- 
called toll center codes, further codes are 
used up when conflicts are to be avoided 
where 7-digit dialing is required between 
adjacent numbering plan areas, other 
codes may have to be omitted because of 
undesirable central office names, and 
codes may also be sacrificed for the sake 
of economies in trunking and switching 
equipment. At present it is planned that 
a separate code will be required for every 
central office even though it may serve 
only a few stations, particularly if the 
office represents a distinct toll rate center, 
since it is assumed that it will be practical 
only for a machine to distinguish toll 
rates on a 3-digit basis. 

The last four digits represent the sta¬ 
tion number within a central office assum¬ 
ing central office units from a few sta¬ 
tions up to 10,000. There are a large 
number of central office units in service 
having 5-digit station numbers which, un¬ 
less blocks of central office codes are to be 
used up, result in 11-digit toll numbers. 
Such number assignments are common in 
larger terminal-per-line central offices, 
and also in high-multiple manual boards. 
The future of these 11-digit numbers is 
still uncertain. It is felt that when sub¬ 
scriber toll dialing is introduced on a wide 
scale it would be confusing for subscribers 
to dial 7-digit or 10-digit numbers in most 
cases (and perhaps 5-digit local numbers 
as well) and eight or 11 digits for some 
destinations. On the other hand, if 
squandering of the already limited num¬ 
ber of central office codes is to be avoided, 
the elimination of such qumbers might in 
many cases be unduly costly because this 


requires conversions in the local switching 
equipment. In common control types of 
intertoll switching systems and toll ticket¬ 
ing equipment, mixing of 10-digit and 
11-digit numbers causes some, though not 
excessive, circuit complications which 
should preferably be avoided. In direct 
pulse controlled intertoll switching sys¬ 
tems, the number of digits is inconse¬ 
quential and in some cases such mixed 
numbering has advantages in flexibility 
and economy of trunking. How this prob¬ 
lem will ultimately be disposed of cannot 
now be predicted; with operator toll dial¬ 
ing mixed numbering is no problem at all, 
and with the limited extent of subscriber 
toll dialing which will be probable in the 
next few years such 11-digit destinations 
can be excluded and left to operator com¬ 
pletion if desired. However, in general 
there is a tendency by engineers to under¬ 
estimate the competence and willingness 
of the general public, just as years ago it 
was thought that automatic telephone 
systems were impractical because sub¬ 
scribers would be unable to dial their calls 
and would always need operator assist¬ 
ance. 

The theoretical capacity of the North 
American numbering system is 768,000,- 
000 station numbers, which is 14 times the 
the present total stations in the United 
States and Canada. We have seen, 
however, that for practical purposes this 
picture is misleading and we must look at 
it from a different angle. The theoret¬ 
ical maximum number of office codes 
which can be accommodated by this plan 
is 76,800 but practical considerations will 
limit this to a much lesser number, say on 
the order of 50,000. Since the present 
number of central offices in the United 
States and Canada is about 22,000 there 
is still a comfortable 150-per-cent margin, 
but only if the patterns for both local and 
toll trunking are very carefully laid out 
in an integrated plan which avoids waste 
in central office codes and this will be 
possible in some cases only at some addi¬ 
tional cost in plant and equipment. 
Actually, with the present 90 numbering 
plan areas the theoretical maximum 
number of office codes is 54,000 which 
considering practical limitations gives us 
a less comfortable margin to work with. 
This problem is of particular importance 
to independent telephone companies 
since two-thirds of the central offices are 
outside the Bell system. 

We have assumed in the preceding 
discussion that a universal numbering 
plan is a prerequisite for toll dialing which 
means that the same number is dialed to 
reach a certain station no matter where 
on the continent the call originates; 
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however, some might question the valid¬ 
ity of this assumption. Actually, even 
the ultimate plan does not contemplate 
such uniformity. A subscriber in a small 
town should and will be able to reach a 
station in his community by dialing a 
4-digit or 5-digit number though he can 
also reach the same station by dialing the 
full seven digits; but if he calls from a 
nearby town he must dial the full num¬ 
ber. Furthermore, a subscriber in Chi¬ 
cago, e.g., willreach any stationin Chicago 
or in any of its suburbs, or any one in the 
same numbering plan area, or any one in 
Gary, Ind., another numbering plan 
area, by dialing a 7-digit directory num¬ 
ber, but must prefix one of the several 
Illinois area codes if he calls a station 
in Illinois outside his own area. It is 
difficult to see how this can be avoided by 
any practical system. But it might as 
well be realized that subscribers and 
private branch exchange operators must 
have available a certain amount of routing 
information for making long-distance 
calls even though this will be very simple; 
and for frequently called destinations 
which represent a large portion of toll 
traffic the routing information can readily 
be memorized. 

In some of the European countries 
where subscribers dial their toll calls, 
extensive use is made of routing codes 
consisting of various numbers of digits, 
apparently with satisfactory results. 
However, for subscriber toll dialing a uni¬ 
versal numbering plan, in the sense de¬ 
scribed in the preceding paragraph, 
appears to be the more desirable 
solution if it can be accomplished at a 
reasonable cost. “Reasonable” is a loose 
word to use in the guidance of engineering 
design, and universal numbering does 
cost some money. Subscriber toll dialing 
is still in its infancy and what its ultimate 
cost will be remains to be seen. How¬ 
ever, huge investments in toll plant are 
already being made towards that end, and 
in spite of generally rising price levels and 
increasing operating costs it has been 
possible to reduce long-distance toll rates. 
While this fact in itself is insufficient to 
justify every phase of the program, it 
provides at least some evidence that the 
cost for the over-all approach is not yet 
unreasonable. 

In operator toll dialing either direct 
point-to-point circuits or directing codes 
are used, followed by the subscriber’s 
directory number. The directing codes 
might be arbitrary to the point of being 
governed by the trunking pattern of the 
switching equipment; they might re¬ 
semble the national codes though they 
were chosen by similar considerations; 


or they might coincide with the national 
codes of the universal numbering plan. 
During the next few years operators will 
be able to dial more and more calls by 
using the national codes, but it is not 
expected that this program will be sub¬ 
stantially complete for at least another 10 
years. Whether all of the arbitrary 
routings by operators can ever be elimi¬ 
nated or whether this would necessarily 
be desirable is open to debate. When 
nation-wide toll dialing is discussed, 
instinctively cross-country long-haul 
traffic is thought of and it is apt to be 
forgotten that the co mm unity of interest 
usually declines with distance and that the 
large volume of toll traffic remains dose 
by, often within the same numbering 
plan area. There are at the present 
about 2,500 toll centers and only about 70 
of these according to present plans will 
become control switching points. The 
operators in the other toll centers will 
handle large volumes of traffic over 
direct trunks and alternate routes not 
passing through control switching points. 
Advantage is taken at such locations of 
the inherent simplicity and flexibility of 
Strowger-type intertoll switching equip¬ 
ment without common control to build 
up multiswitched connections at low cost 
and at maximum speed. Operators 
quickly memorize the frequently used 
routing codes, while others are readily 
found in their flip-flop references or key- 
shelf bulletins to which they must often 
refer for other purposes also. With care¬ 
ful planning of code assignments these 
routing codes can in many cases coin¬ 
cide with the national numbering, in 
which cases further simplification in 
switchboard operation will result. Gradu¬ 
ally a point of diminishing returns may be 
reached and the remaining items of traffic 
handled by arbitrary routing assignments 
rather than by added equipment with its 
increased complexity and cost. 

In addition to routing calls to telephone 
subscribers, the intertoll switching plan 
must provide for routing calls to various 
operators and to various plant test facili¬ 
ties. At present it appears that such 
routings, if feasible, should be restricted 
to calls dialed by operators. Special 
number assignments are made for such 
service codes consisting of three or four 
digits or, in some cases, five digits, the 
special distinction for such codes being 
that all of them have 1 as the first digit. 
When such service calls are routed to toll 
centers, a so-called toll center code is 
prefixed to the service codes. The toll 
center codes are similar to the regular 
central office cpdes; in multioffice areas 
a toll center code is assigned which does 


not conflict with any office code but which 
preferably ends with 0; in smaller toll 
centers the code may be the same as the 
central office code. In toll centers which 
are not control switching points, the toll 
center codes are omitted and such service 
calls are switched upon the first digit 1 
of the service codes. 

With the introduction of toll dialing by 
operators, it became apparent that in 
order to obtain the maximum benefit from 
this method a higher speed trunk service 
is required than with the previous ring- 
down operation, partly because delays at 
intermediate switching points with conse¬ 
quent repeated ‘‘'attempts were to be 
avoided. ‘For 'n: ost long-distance routes 
the objective was a busy-hour trunk speed 
of 30 seconds, with some routes engi¬ 
neered at a better and a few others at a 
worse grade of service. Special provisions 
were devised at switching points to indi¬ 
cate to the originating operators the state 
of congestion and to expedite traffic, but 
in genera] more liberally engineered trunk 
groups were required to obtain the de¬ 
sired service objective. On the other 
hand, toll dialing permits the elimination 
of unprofitable direct circuits by the sub¬ 
stitution of more switching points than are 
permissible with manual switching; thus, 
by combining several independent traf¬ 
fic paths into one circuit group, a higher 
efficiency per trunk is obtained and the 
cost pf increased speed of service is re¬ 
duced. 

With subscriber toll dialing, a still 
better grade of service is required since if 
the customer is too often blocked on the 
route to his destination, he will get dis¬ 
couraged and pass the call to an operator. 
Many years of experience in local opera¬ 
tion provides good indication on the 
grade of service customers demand, and 
the engineering of toll circuit provisions 
for subscriber toll dialing can benefit 
from this experience. To approach the 
interlocal grade of service in toll operation 
would be prohibitive with the present 
cost of toll circuits and it could well be 
that long-distance subscriber toll dialing 
would have been impossible if multi¬ 
switching in dial operation had not of¬ 
fered increased economies. 

Toll operation with alternate routing 
and multiswitching has been practiced 
probably as long as congruous toll net¬ 
works have existed. Automatic alternate 
routing in local operation has been prac¬ 
ticed for many decades even when it was 
not known by this name. Operator toll 
dialing is possible with or without auto¬ 
matic alternate routing. The ori gina ting 
operator can see at a glance when the prin¬ 
cipal route is busy and can choose at once 
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one of the prescribed alternatives, and can 
do this at no loss of speed and at a lower 
cost than by automatic means. Visual 
alternate routing has the advantage of 
flexibility by permitting instantaneous 
changes in the assignment of alternate 
routes when traffic or plant conditions re¬ 
quire such changes on short order, with¬ 
out administrative problems or interfer¬ 
ence with the switching equipment. It 
has the further advantage that the oper¬ 
ator knows the route the call has taken in 
case this information is needed for arriv¬ 
ing at toll settlements. Alternate rout¬ 
ing can similarly be treated by the origi¬ 
nating operator at intermediate switching 
points though automatic .alternate rout¬ 
ing at such points has some definite ad¬ 
vantages. Alternate routing of calls for 
subscriber toll dialing wjjhopt automatic 
means appears to be impractical. 

Considerations governing automatic 
alternate routing from the traffic engi¬ 
neers’ point of view were described in a re¬ 
cent article. 2 It appears that under the 
existing conditions substantial economies 
can be achieved with multiswitching and 
automatic alternate routing for the grade 
of service required in subscriber toll dial¬ 
ing as compared with a system without 
alternate routing; however, whether for 
the volume of traffic in, say, 10 years from 
now, these advantages will remain the 
same or become greater or less seems at 
the moment to be unpredictable. Even 
the magnitude of savings achievable to¬ 
day cannot be reliably evaluated because 
of the inadequacy of statistical methods 
and lack of standards on which compari¬ 
sons can be based; such evaluation must 
await the appearance of sufficient em¬ 
pirical data. 

The uncertainty of the situation to be 
faced 10 years from now is even more pro¬ 
nounced if we consider that we have no 
idea about the degree of progress which 
will be achieved in technical development, 
particularly in regard to further cost re¬ 
ductions for transmission means. How¬ 
ever, judging from what has happened in 
the past 10 or 15 years there is every 
reason to believe that such progress will be 
considerable. The whole concept of 
transmission media has changed. Not so 
long ago the cost of a toll circuit was 
largely governed by so many miles of cop¬ 
per and lead and so many poles and cross- 
arms. Since then the importance of these 
items has become progressively reduced, 
because they have been replaced by con¬ 
centrated components in the form of 
filters, condensers, vacuum tubes, etc. 
High usage circuits are established be¬ 
tween two toll centers when such circuits 
are more economical than any other avail¬ 


able route so it might well be that at some 
future date the cost of toll circuits will 
compare favorably with the switching cost 
and to provide direct circuits will become 
more attractive than alternate routing, or 
at least the proportion of traffic which is 
to overflow from the high usage circuits 
may be reduced. 

These considerations do not necessarily 
lead to the conclusion that automatic 
alternate routing is not justified or that 
it will shortly become obsolete or that 
engineering developments for such sys¬ 
tems are unjustified. There can be no 
doubt that in many cases automatic al¬ 
ternate routing represents a considerable 
saving and that this will remain true in 
the foreseeable future. Therefore there is 
a real need for simple automatic routing 
systems at the lowest possible cost. Be¬ 
sides being simple and inexpensive, they 
should be flexible and self-contained with 
the provision that they can be added or 
removed whenever conditions so require. 
Such an arrangement as part of a new 
intertoll switching system was recently 
described.® 

Intertoll Switching System 

The preceding discussion has dealt 
with some of the most important aspects 
of nation-wide toll dialing; the remainder 
of the paper will describe simplifications 
in the routing of toll traffic as incorpo¬ 
rated in the recently developed intertoll 
switching system referred to in the pre¬ 
vious paragraph. Since at the present 
time and for some years to come the great 
majority of toll calls will be extended by 
operators, the discussion will relate mainly 
to operator toll dialing. The routing of 
subscriber dialed toll calls is incorporated 
in the automatic toll ticketing equipment 


which can be superimposed on this ar¬ 
rangement. 

For the automatic switching of toll 
traffic in this country either Strowger 
type or crossbar type of switching equip¬ 
ment is employed. Both systems are now 
fully developed to provide all features re¬ 
quired for intertoll switching. The Strow¬ 
ger equipment might be straightforward 
dial pulse controlled, wholly of the com¬ 
mon control type, or a combination of the 
two with common control being used only 
as far as it is economically justified. 
Though dial pulse controlled crossbar 
switching systems have been used abroad 
to a limited extent, the developments here 
and abroad during the past 10 to 15 years 
have demonstrated that the full poten¬ 
tialities of crossbar equipment can be ex¬ 
ploited only by complete common con¬ 
trol. Therefore all crossbar equipment 
used in the United States is so designed. 
Strowger equipment has been well known 
to telephone people for many years, while 
large-scale use of crossbar systems is com¬ 
paratively new to most of them, even 
though sporadic applications of crossbar 
equipment have appeared for at least 35 
years. Therefore recent technical pub¬ 
lications have to a large extent been de¬ 
voted to descriptions of the less familiar 
features of crossbar equipment, while the 
advances in Strowger techniques as ap¬ 
plied to intertoll switching have appar¬ 
ently been taken for granted. The plan¬ 
ning of a large intertoll switching network 
employing Strowger-type equipment ex¬ 
clusively, and taking full advantage of its 
potential economy, simplicity, and flexi¬ 
bility, will now be described. Because 
there are many areas with similar charac¬ 
teristics, the discussion will be best illus¬ 
trated not by hypothetical examples but 
rather by factual data, projected forward 
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Table I. Busy-Hour Traffic Volume 



TU 

Per Cent 

Outgoing from Vancouver and 



tributaries. 

.190 .. 

.. .42 

Incoming to Vancouver. 

.230 .. 

.. .51 

Through switched to toll centers 



and tributaries. 

.33 .. 

... 7 

Outgoing traffic is split as follows: 


Intra-area. 

,128 .. 

.. .67 

To United States. 

,38 .. 

.. .20 

To Canada. 

,24 .. 

. ..13 

Through switched traffic is split as follows: 

From the area... 

20.2.. 

. ..61 

From United States. 

4.6.. 

...14 

From Canada. 

8.2.. 

...25 


to a target date about 5 years hence. 

The Canadian province of British 
Columbia represents one numbering plan 
area (604) in continent-wide toll dialing. 
There is one metropolitan area, Van¬ 
couver, with 32 central office units and a 
total of 263,000 stations. Several of the 
central offices will be manual for a number 
of years to come, with incoming toll traf¬ 
fic to be completed through call indicator 
type of equipment. Another multioffice 
area, Victoria, has seven central office 
units and 60,000 stations. There are 41 
exchange areas with from 1,000 to 10,000 
stations each, single office or multioffice. 
The total number of central offices in the 
province is 166; the total number of sta¬ 
tions, 455,000; the number of toll centers, 
55. Some of the toll centers and tribu¬ 
taries will remain manual for several years 
after the target date. 

As shown in Fig. 1, Vancouver is the 
main switching center of the area both for 
intra-area and interarea traffic, though, 
naturally, direct circuits exist between 
many of the other toll centers. Van¬ 
couver is connected by direct circuits to 
all but 20 toll centers, and while these 20 
toll centers are at present readied through 
tandem points many of them will be elimi¬ 
nated. There are direct circuit groups 
from Vancouver to five major and two 
other Canadian toll centers outside Brit¬ 
ish Columbia. All traffic from Van¬ 
couver to the United States is switched 
through Seattle, Wash., with high usage 
groups also to Portland, Oreg., and to two 
smaller near-by toll centers. All local 
switching equipment in Canada is of the 
Strowger type or other step-by-step 
types, but two 4A crossbar toll switching 
offices are planned for Montreal and 
Toronto. 

There will be 60 toll circuit groups with 
about 600 circuits connected to the Van¬ 
couver toll switching center and an auto¬ 
matic (cordless type) toll board of about 
200 positions. Table I shows the busy- 
hour traffic volume, with the breakdown 
for the outgoing and through switched 


traffic. The traffic volume is expressed in 
traffic units (TU), one TU being equal to 
36 hundred-second unit calls. Table I 
shows the important fact that about 93 
per cent of the traffic is either originated 
by Vancouver operators or is terminated 
in the Vancouver local area; therefore 
any equipment layout should be so 
planned that it will provide maximum 
economy in the handling of this 93 per¬ 
cent share of the total traffic. 

Standard two-five numbers are being 
assigned to the stations of all central of¬ 
fices in the area. In Vancouver, during a 
transition period, mixed 6-digit and 7- 
digit numbers will exist, each consisting 
of two letters and four or five numerals. 
For toll dialing purpose uniform 7-digit 
numbers are used; in 6-digit offices the 
numerical equivalent of the third digit of 
the central office name provides the mis¬ 
sing digit. Outside of Vancouver all 
newer offices are arranged for two-five 
numbering, while the ultimate central 
office codes are being assigned to older 
offices as well as manual offices. Such 
offices will be converted to standard two- 
five numbering as soon as practical. 

The incoming traffic to Vancouver local 
stations will now be described. Fig. 2 
shows a portion of the Strowger-type in¬ 
tertoll switch train. Trunks to single-unit 
Vancouver offices are connected to inter¬ 
toll third-selector levels, and trunks to 
multiunit offices are connected to inter¬ 
toll second-selector levels. Where sepa- 


FROM INTERTOLL TRUNK 
OR TOLL BOARD 


INTERTOLL FIRST 
SELECTORS 


rate trunk groups are provided from third- 
selector levels to each unit, additional 
codes can be made available for other 
central offices. Trunks to central offices 
having 6-digit station numbers for local 
dialing can be connected to the intertoll 
third-selector level corresponding to the 
third letter of the office name, or to the 
second-selector level, with the third digit 
absorbed in the toll switching trunk relay 
equipment. The latter practice is waste¬ 
ful of central office codes because nine 
other codes are thus made unavailable, 
and it is recommended only in areas where 
a surplus of codes exist. However, where 
this practice is feasible, a rank of selectors 
can be eliminated. 

Examining Fig. 2, it will be seen that 
any call, wherever it may originate, may 
be extended to any Vancouver station by 
the originating operator setting up a 7- 
digit directory number over the intertoll 
switch train and selector switches in the 
local office. If the call originates in any 
of the toll centers within the local num¬ 
bering plan area, the operator reaches 
a trunk terminating in Vancouver and 
dials the 7-digit number for the direct con¬ 
trol of the switch train in Vancouver. 
Calls from outside the local numbering 
plan area may go over direct trunks to 
Vancouver and the procedure is then the 
same as for intra-area calls; or if the call 
has to be switched at intermediate points 
outside the area, the area code 604 will 
direct the call to Vancouver, where the 
remaining seven digits will set up the 
switch train, as before. Vancouver toll 
operators may extend calls to local sta¬ 
tions by dialing 7-digit numbers over the 
same switch train. Therefore one common 
switch train carries the traffic originating 
from all possible sources, and, as will be 
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time) are carried through a trunk group 
from intertoll third-selector level 537 
with the subsequent digits displayed on 
call indicator positions. 

Fig. 2 also shows an artifice by which 
additional economies in switching equip¬ 
ment may be obtained. Where only a 
few levels are used in two or more third- 
selector groups, and the codes used there 
are nonconflicting (as in the case of 
KERrisdale and Mutual 2, 3, 4, 5), such 
third-selector groups may be combined in 
one; in this manner the number of se¬ 
lector groups is reduced and the efficiency 
per selector thereby increased. As new 
central office units are added code con¬ 
flicts may occur. Should this happen, the 
combination selector groups can, of course 
be split up into their original constituents. 
In smaller offices even second-selector 
groups can be combined by careful code 
assignment. 

From the foregoing it is clear that all 
incoming traffic terminating in the Van¬ 
couver area can be extended by use of 
listed directory numbers for the direct 
pulsing of Strowger selector switches 
without any need for translation facilities 
or any other type of common control 
equipment, and with maximum economy 
and speed. By the time the last digit of 
the directory number is received, the 
called station terminal is reached and 
ringing current automatically sent out. 
As has been seen, such calls represent 87 
per cent of all inward and through switch 
traffic incoming to the intertoll switching 
center. 

The routing of calls to other points 
within the numbering plan area 604, but 
outside the Vancouver area, is now dis¬ 
cussed. Fig. 3 represents again a typical 
skeleton routing plan, the numbered loca¬ 
tions corresponding to those shown in 
Fig. 1. The simplest cases are those rep¬ 
resented by Vancouver tributaries, or 
toll centers without tributaries, such as 
Va and A in Fig. 1. If the central office 
code of A is LIberty-8, calls to A are car¬ 
ried through trunks from intertoll third- 
selector level 648. The last four digits of 
the 7-digit directory number set up the 
switch train in A. Two tributaries Ba 
and Bb are connected to toll center B. 
The codes are HEmlock-4, HEmlock-8, 
and HExnlock-9. Calls to these offices are 
carried through trunks from intertoll 
second-selector level 43. The third digit 
operates the incoming intertoll selector in 
B and routes the call to B or Ba or Bb, 
as the case may be. The final digits com¬ 
plete the call to the called station. 

In the foregoing cases the procedure is 
identical with that used in extending calls 
to Vancouver stations, i. e., Strowger se¬ 


lector switches are directly pulsed and 
calls completed without any delay 
through use of listed directory numbers 
only. Calls to manual toll centers or trib¬ 
utaries require the dialing of 3-digit rout¬ 
ing codes which are identical with the 
central office codes to be used for the two- 
five numbering plan after the manual 
offices are converted to automatic opera¬ 
tion. 

There may be some cases where this 
simple trunking pattern will not suffice. 
For instance, in some multioffice areas, if 
the number of central office units and trib¬ 
utaries exceeds the capacity of a single 
2-digit code group, two or more code 
groups may be needed to take care of the 
area, though only a single group of toll 
trunks is to be used for all calls; or, calls 
to a toll center having its own tributaries, 
but not having direct trunks to Van¬ 
couver, may have to be switched through 
a tandem point, as shown in Fig. 1 for toll 
center D. In some numbering plan areas 
such complications can be avoided by 
careful planning; however, conditions 
may change as time goes on, and a really 
flexible intertoll switching system will 
meet such conditions. 

The codes for toll center area C are 
MOntrose-3, MOntrose-4, and MOn- 
trose-5. Calls are carried through inter¬ 
toll second-selector level 66, the pro¬ 
cedure being identical with that of the 
HEmlock calls. In this example second- 
selector trunking is used; in other cases, 
however, third-selector trunking can be 
employed without otherwise changing the 
general pattern. 

The codes to toll center area D are 
OXford-6, OXford-7, and OXford-8. In 
this case, calls are carried through inter¬ 
toll second-selector level 66 to the MOn- 
trose toll center, and thence over level 9 
to toll center D. 

Calls to area D originated by the Van¬ 
couver operator are now described. 
While, as will be seen later, means are pro¬ 
vided so that area D may be reached by 
use of the OXford codes only, the amount 
of such special routing means can be much 
reduced if the operator prefixes 0 to the 
OXford directory number. By following 
Fig. 3 this path can be traced to the called 
terminal in area D. The simple expedient 
of prefixing a 0 (or any other digit, or any 
two digits, for that matter) to a fraction of 
the outward calls, while not a necessary 
requirement of the system, introduces a 
worth-while saving in the routing equip¬ 
ment. 

Operator use of special routings is com¬ 
mon practice today; however, with care¬ 
ful layout of the numbering plan, such 
arbitrary routings can largely be elimi¬ 


nated in favor of use of the listed directory 
number, regardless of what type of equip¬ 
ment is used. However, there is a prac¬ 
tical limit as to how far operators can get 
without additional guidance, this limit 
being set by circumstances beyond the 
control of the switching equipment. For 
instance, when a call is placed to a desti¬ 
nation outside thenumberingplanarea,the 
operator must first ascertain the area code 
of the destination or any other routing to 
be used by the switching equipment avail¬ 
able to her. She may have memorized 
the area codes or other directives of fre¬ 
quently used destinations, but others 
must be obtained from keyshelf bulletins 
and flip-flop guides. As we have seen, 
33 per cent of the traffic originated in Van¬ 
couver terminates in other numbering 
plan areas, so this problem is not insig¬ 
nificant, but it is beyond the possibility of 
mechanization. An equally important 
reason for the operator to consult the 
routing guide is to find out if the called 
station is connected to a manual exchange, 
or can be reached by dialing. Now, of 
course, the operator memorizes a lot of 
this information with practice, and usu¬ 
ally a relatively small number of destina¬ 
tions will include most of the traffic. 
The equipment arrangement described 
permits the operator to dial most of her 
intra-area calls by directory number, con¬ 
siderably reducing her burden. Whether 
the same should apply to all destinations, 
including those similar to area D, must in 
each case be determined by its own merit; 
i.e., it must be decided whether the oper¬ 
ator gets, or whether the point of dimin¬ 
ishing returns has been reached, bearing 
in mind that some routing work will in¬ 
evitably remain which no amount of 
mechanization can eliminate. 

Calls to area D from other toll centers 
of the numbering plan area can be ex¬ 
tended in the same manner as described 
for the Vancouver operators. If it is re¬ 
membered that only 13 per cent of the in¬ 
coming traffic to Vancouver is switched 
through, that only 61 per cent of this 
originates within the numbering plan area, 
and that only a fraction of this requires 
special prefix codes, it becomes apparent 
that not more than 2 per cent of the total 
incoming traffic could be so affected, even 
should the proportion of calls requiring 
special prefixes be as much as 25 per cent. 

When subscriber toll dialing is intro¬ 
duced within the numbering plan area, 
the toll ticketing equipment will include 
routing directives where such directives 
are required. However, with the arrange¬ 
ment now to be described much of the 
need for such directives can be elimi¬ 
nated. 
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Through switch calls from other num¬ 
bering plan areas, i.e., from the United 
States and from other Canadian prov¬ 
inces, can be set up by the direct pulsing 
of the 7-digit directory number into the 
Strowger-type intertoll switch train, ex¬ 
cept in the case of such destinations as 
area D. In such cases, operators in 
nearby toll centers and others having a 
high volume of traffic with British Colum¬ 
bia may receive the same routing direc¬ 
tives as the Vancouver and other British 
Columbia operators; i.e., to prefix 0 be¬ 
fore the full directory number of area D 
stations. In other switching centers hav¬ 
ing a high volume of traffic with British 
Columbia, foreign area translation equip¬ 
ment may automatically furnish the 
routing directives to the operator-dialed 
or subscriber-dialed calls to toll center 
D. However, it is probable that there 
will still be a certain amount of traffic 
to area D for which it will not be practical 
to distribute routing instructions to the 
many toll centers from which these calls 
might originate; nor will it be practical 
to provide automatic routing directives at 
all distant intertoll switching centers. 
Such residual traffic can be taken care of 
by the arrangement shown in Fig. 3. 

Any toll center, distant or nearby, 
within or outside of the numbering plan 
area, deliberately or contrary to instruc¬ 
tions, may wish to reach toll center D by 
dialing, say OXford-3. A group of so- 
called “routing” trunks are connected to 
level 69 of the intertoll second selectors. 
The purpose of these trunks is to seize a 
simple register-sender, and to indicate to 
the latter what routing digits are to be 
sent out. The routing trunks are very 
simple devices, consisting of a few relays 
only. Since the traffic they receive from a 
level is obviously very small, as shown in 
the previous discussion, each trunk group 
therefore should preferably serve several 
trunk routes similar to those serving area 
D, and the proper routing directive can be 
given by the routing trunk to the register- 
sender corresponding to the level over 
which it was seized. This register-sender 
is the same as the one used for simplified 
automatic alternate routing. 8 It receives 
and stores incoming dial pulses; but 
even before that it sends out the routing 
digits (69 in example for calls to toll center 
D) as prescribed by the routing trunk, 
which are then followed by the digits 
stored in the register-sender. A Strowger- 
type auxiliary routing selector is asso¬ 
ciated with each routing trunk, having 
those toll trunks connected to its various 
levels over which the calls received by the 
routing trunks are to be extended. For 
instance, the trunks to toll center C are 


connected to level 6 of the auxiliary rout¬ 
ing selector, and calls to area D are first 
routed to these trunks over level 6 and 
then over level 9 of the incoming selector 
in toll center C. 

This is all that is required to provide 
toll dialing by the use of directory num¬ 
bers throughout. The equipment needed 
in a fairly large intertoll switching center, 
such as Vancouver, is now described. To 
be on the most liberal side, it will be as¬ 
sumed that all through switch traffic, orig¬ 
inating in British Columbia or at any 
other place outside, should be extended by 
the dialing of two-five directory numbers, 
and that only 75 per cent of the traffic 
can be handled without additional digits, 
such as areas A, B, C, or Va, while 25 per 
cent is of the type exemplified by area D. 
The total through switch traffic is 33 TU, 
25 per cent of which is 8.25 TU. Two 
groups of routing trunks will handle such 
traffic, with 4.125 TU per group. At the 
grade of service 1 in 1,000, each group re¬ 
quires 13 trunks, or 26 for the whole office 
plus 26 auxiliary routing selectors. If reg¬ 
ister-senders are already provided for al¬ 
ternate routing purposes, one or two addi¬ 
tional register-senders would be needed 
for the routing of these calls. The rout¬ 
ing trunks have 20 relays each and a reg¬ 
ister-finder rotary switch. The inter¬ 
toll selectors are standard Strowger 
switches with four relays and 660-point 
banks. However, it appears to be a more 
practical assumption that for all through 
switch traffic originating in the numbering 
plan area, and for half the traffic originat¬ 
ing outside, the operators or other ma¬ 
chines will do the routing, so that only 25 
per cent of 6.4 TU, i.e., 1.6 TU, will pass 
through routing trunks. The number of 
routing trunks and selectors can now be 
reduced to ten, and most likely no reg¬ 
ister-senders other than those used for 
alternate routing will be needed. 

What has been achieved is now re¬ 
viewed here. All traffic incoming into or 
switched within a whole numbering plan 
area is extended by the dialing of the two- 
five directory numbers. All but 0.6 per 
cent or, at the least, all but 3 per cent of 
this traffic will be set up by straightfor¬ 
ward pulsing methods on inexpensive di¬ 
rect pulse-controlled Strowger selectors, 
and the rest of the traffic channeled 
through special routing equipment, which 
is negligibly small in view of the size of the 
installation. Actually, the inward and 
through traffic is only 58 per cent of the 
total; therefore the fraction of specially 
routed traffic is only about half of the 
figures quoted here. Furthermore, it is 
axiomatic that the highest speed of service 
can be achieved only when the switch 


train is directly set up by the incoming 
pulses, while storage, translation, and re¬ 
transmission must necessarily introduce 
some delay. It is not only that costly and 
complex equipment, as needed in systems 
with 100-per-cent common control, is elim¬ 
inated for 98 per cent or more of the 
traffic but also that the highest possible 
speed is retained for practically all the 
traffic. Because outpulsing commences 
from the routing trunks as soon as they 
are seized, tljere is no added delay on 
calls using these trunks. Furthermore, it 
is obvious that the routing trunks may be 
added, removed, or rearranged where and 
when needed, with no interference with 
the rest of the equipment, and without 
affecting the operation of the system. 
Therefore the basic flexibility of the 
Strowger system is retained; in this case 
it is exemplified by the fact that common 
control equipment need be provided only 
when it does some good, and not because 
the system is inoperative without it. 

Next the routing of calls to destinations 
outside the numbering plan area is to be 
considered. As has been seen, all such 
traffic will be extended through six prin¬ 
cipal outlets (five in Canada and one in 
the United States) and five other toll 
centers (two in Canada and three in the 
United States). Each of these 11 points 
is reached by the dialing of a 2-digit fol¬ 
lowed by a 10-digit or 7-digit directory 
number, or by any other special procedure 
required by the equipment at those dis¬ 
tant points. These trunks are connected 
to vacant intertoll second-selector levels, 
preferably 1 and 0. The use of such pre¬ 
fix codes can be considered as the auto¬ 
matic cordless toll board equivalent of 
plugging into the outgoing jack multiple 
of the trunk groups to those destinations 
on conventional cord-type toll boards, or 
the routing codes usedintoll tandem prac¬ 
tice. 

Toll center codes may be assigned as 
needed. As previously mentioned, for 
smaller toll centers the central office code 
serves also as a toll center code. In Van¬ 
couver, as shown in Fig. 2, special opera¬ 
tors and plant test facilities canbereached 
through a selector train connected to the 
first level of the intertoll first selectors, 
without any special toll center code. 
However, to accommodate toll switching 
equipment at distant control switching 
points, which requires distinct toll center 
codes, MErcury-0 may be considered as 
the toll center code, and level 1 of the in- 
tertoll first selectors and level 630 of the 
intertoll third selectors are tied together 
for that purpose. MOntrose-O and OX- 
ford-0 were assigned as toll center codes 
for C and D respectively, as seen in Fig. 3. 
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dialed or not. 

The topography and other character¬ 
istics of toll centers in British Columbia 
limits the extent to which alternate rout¬ 
ing of toll calls is feasible. By the visual 
display of group busy conditions to each 
of the Vancouver toll operators, the lat¬ 
ter are readily able to handle the alternate 
routings themselves, in fact, as men¬ 
tioned earlier in this paper, with a greater 
degree of flexibility than by any automatic 
means. There are various indications to 
guide the distant operator if congestion is 
encountered in the process of switching a 
through call, and simple automatic al¬ 
ternate routing equipment 8 may be added 
where and when needed. Here again, 
through switch traffic is only 7 per cent 
of the total, and only a fraction of this 
over routes where alternate routing is 
feasible; therefore only the simplest auto¬ 


matic alternate routing equipment can be 
justified, if any at all. 

Fig. 4 combines the arrangements 
shown separately in Figs. 2 and 3, as well 
as some of the additional provisions pre¬ 
viously described. Of course, Fig. 4 rep¬ 
resents only a fraction of the inter-toll 
switch train at Vancouver, and is shown 
here only as a typical example of the 
general principles which have been dis¬ 
cussed. 

The author had the opportunity for a 
number of years to be actively engaged in 
planning several large toll dialing areas to 
be integrated in the continental network. 
He found that the most economical as 
well as the most suitable arrangement 
could be assembled for each particular ap¬ 
plication owing to the flexibility of a kind 
of building-block technique, with step-by¬ 


tween the time when the equipment is 
initially planned and the time when it is 
placed in service. Usually during the 
initial service period the conditions are 
relatively straightforward, and with the 
technique described in this paper the ini¬ 
tial investment is at a minimum, yet the 
system provides the highest speed of oper¬ 
ation. As time passes, new and previously 
unpredictable conditions arise. Equip¬ 
ment specially designed to take care of 
these conditions can be added, but be¬ 
cause usually only a fraction of the traf¬ 
fic is affected the added equipment is con¬ 
centrated only at those points where it is 
actually needed, which is obviously also- 
sound economic policy. 

The same principles were embodied in 
the FW-1 intertoll switching system re¬ 
cently developed by the Automatic Elec¬ 
tric Company for continent-wide toll diaJ- 


Molnar—Economy of Routing Calls in Nation-Wide Toll Dialing 









ing, described in this paper, as well as in 
the company’s four automatic toll ticket¬ 
ing systems. The features of the FW-1 
intertoll switching system include 4-wire 
switching of transmission paths through¬ 
out; pad switching; pulsing and super¬ 
visory signals completely separated from 
the transmission paths; silver inlaid bank 
contacts; integrated high-speed auto¬ 
matic cordless toll board with a new, ef¬ 
ficient method of automatic call distribu¬ 
tion and new, inexpensive keysenders; 
and automatic alternate routing and code 
conversion, as discussed in this paper. It 


can be planned without any common con¬ 
trol, or with partial common control, or 
with full common control, whether intro¬ 
duced initially or added at any time later 
and at any point; automatic camping or 
other disposition of calls under delay and 
overflow conditions; a new method of 
centralized automatic traffic recording of 
the whole system; centralized control and 
supervision of traffic operation; high ef¬ 
ficiency service observation; plant test 
test facilities; self-contained power and 
supervisory equipment; etc. The equip¬ 
ment for the first application of this sys¬ 


tem is being manufactured for New West¬ 
minster, British Columbia, and is to be 
placed in service in 1955. 
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A Rectifier Algebra 

DAVID H. SCHAEFER 

ASSOCIATE MEMBER AIEE 


T HIS paper presents an algebra that 
can aid in the simplification, the 
synthesis, and the understanding of 
circuits containing rectifiers and re¬ 
sistors. More specifically, it gives a 
method of rendering rectifier-resistor 
circuits into symbols with rules for 
manipulating these symbols. Here, in 
essence, an algebra is set up analogous 
to, but differing considerably from the 
well-known algebra of Shannon for relay 
circuits. 1 

This is the initial result of a project 
the final aim of which is the development 
of an algebra suitable for the simplifica¬ 
tion and analysis of magnetic amplifier 
circuits. The investigation has required 
the study of symbolic logic and its 
present applications. Shannon’s switch¬ 
ing algebra is the Boolean algebra of 
classical 2-valued symbolic logic. This 
can deal with only two values; in logic 
called “true” and “false,” in relay 
circuits "1” and “0.” Besides the 
classical 2-valued system, there are 
other systems of logic, most of which 
deal with three or more values. The 
motivation for the algebra presented 
here is the infinite-valued logic of Luka¬ 
siewicz and Tarski. 2-4 (Reference 4 
gives a discussion in English of the three- 
and m-valued cases of this logic.) Most 
of the circuits presented in this paper 
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can be expressed completely within the 
Lukasiewicz-Tarski logic. It was found, 
however, that the simpler algebra pre¬ 
sented here could be constructed with 
the use of two symbols from the Luka¬ 
siewicz-Tarski logic along with plus and 
minus signs which are not part of the 
Lukasiewicz-Tarski system. 

In the next section, the details of this 
rectifier algebra will be given and in the 
last section a few simple examples of its 
use will be shown. No knowledge of 
symbolic logic or switching algebra is 
required for an understanding of the 
following. 

The Rectifier Algebra 

The algebra to be used here is not the 
ordinary numerical algebra taught in 
high school, nor is it the Boolean algebra 
used for relay circuits. It is, rather, 
something of a union of the two. 

Let a, b, c, etc., be any real numbers, 
positive or negative. Two new symbols, 
v and a, may be defined as 

av5 (read a max 6)=max [a,b\, i.e., avb 
has the value of the more positive of a or b 
ahb (read a min b) =min [a, 5], i.e., has the 
value of the more negative of a or 6 

It can be seen that in essence only one 
new symbol has been introduced as v 
and a can be defined in terms of each 
other and a minus sign, as follows 

av6 = —(—a.A. — 6) (1A) 

where — a. a. — b—(— <j)a(—6), the dots 
replacing parentheses. Also 

oa&ss— (—a.v. — b) (IB) 
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Note that parentheses are not needed 
for a line of v’s or a’s, i.e 

(avb)vc=av(bvc) — avbvc (2 ) 

(aA&)AC = OA(&Ae)=>aA&AC (3) 

There are two obvious simplification 


rules (identical with those of the 2-valued 
logic) 

a\a=a ( 4 ) 

<za a — a (5) 

The following governs the movement 
of a minus sign through a parenthesis 

—(av&)=* — a. a. —b (6) 

—(oa&)=» — a.v. — b (7) 


Note that the v sign becomes a a sign 
and vice versa in this operation. 

The plus sign, which retains its con¬ 
ventional algebraic meaning, combines 
with the. minimum and maximum opera¬ 


tions as follows. 

a-f(5vc)=(o4-6)v(a+c) (8) 

a-f(ftAc)=(a+&)A(a-l-c) ( 9 ) 

Lastly, the rules for combining v’s 
and a’s are 

av(&Ac)=(oA6) A (aVc) ( 10 ) 

oA(&Ac)=(av6)v(o A c) (11) 


Some Rectifier Circuits and Their 

Equations 

It will now be shown by example how 
the algebra just presented can be applied 
to certain rectifier-resistor circuits, using 
either a-c or d-c sources. 

Fig. 1 shows some simple circuits and 
their equations. The reader may ex¬ 
amine each circuit and equation, and 
convince himself that the equations are 
correct. The equation of Fig. 1(A), 
for instance, says that-voltage e 0 is equal 
to voltage a if a is more positive than 
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(0) 


e Q = a v o 


e 0 8 a ao 


e 0 = avbvo 


e Q = aAbAO 



zero, and that e 0 is zero if voltage a is 
more negative than zero. If the circuits 
in pairs are examined, a and b, c and d, 
and e and /, it is seen that reversing 
rectifiers in the diagrams is equivalent 
to changing v’s to v’s and a’s to v’s. 

It is obvious, without the use of any 
algebra, that Fig. 1(F) is Fig. 1(E) with 
the positive polarity of e 0 considered to 
be at the opposite end of the resistor. 
For the purpose of becoming more 
familiar with the algebra, it is shown that 
the equations agree with this self-evident 
fact. To prove e 0 of Fig. 1(F) = —e Q of 
Fig. 1(E) 

—e 0 of Fig. 1(E) — ~(av. —a) 

— —a. a. —(—a) by 

equation 6 

= —a. ha 
*=eo of Fig. 1(F) 


Fig. 1 (left). Some basic 
rectifier-resistor circuits and 
their equations 



* (A) 


+ e o _ 
-W--WWV-1 


0 a 


e Q = (a—b) a o 
(B) 


Fig. 2 (right). Diagrams and 
equations for circuits contain¬ 
ing several voltage sources 



(C) 


Fig. 2 shows diagrams and equations 
for circuits containing several voltage 
sources. Fig. 3 presents a circuit where 
a rectifier is in parallel with a resistor. 

A demonstration can now be given of 
how the algebra can assist in the simpli¬ 
fication of circuits. First, the circuit of 
Fig. 4 will be simplified. This is a com¬ 
bination of the circuits of Fig. 1(E) and 
Fig. 2(A). 

Here 

e\ =»av. —a 
and 

«o=(«x—o)v0 

co=(ov. — a)— a.vO by substitution 
=a—a.v. — a— a.vO by equation 8 
=0v. —2a.v0 
= — 2a. vO by equation 4 

The circuit for this equation is Fig. 
1(A), where the voltage source equals 
—2a, and is shown as Fig. 5. This 
simplification could have been arrived 
at without the use of the algebra, but it 
appears that even for as simple a circuit 
as this, the algebra speeds the solution 
of the problem. 

Fig. 6 is a slightly more complicated 
circuit. Here 

ci “(a—6)v0 
e 2 — (c—b)v0 
eo—e 1 ve2v0 

eo=(a—6)v0.v.(c— b)v0.v.0 
=(a—b)vOv(c—b)vOvO by equation 2 
= (a— b)v(c—b)vO by equation 4 
=(avc)—b.v 0 by equation 8 

This is a special case of Fig. 2(C) and 
the simplified circuit is illustrated as 
Fig. 7. 

Finally, a different type of problem is 
shown. Fig. 8(A) is a common circuit 
for obtaining the lesser of two voltages. 



a 


i 


a 


e 


R, 

R, + R 2 
R, 

R, + R 2 


Fig. 3. Circuit with rectifier in parallel with 
a resistor 



Fig. 4. A combination of the circuits of 
Figs. 1(E) and 2(A) 


+1 


-W-1 

-2a 

I 



| 


e 0 * o v. - 2o 

Fig. 5. Simplified version of Fig. 4 
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®o s D a ”W v o] v [(c-b) v o] vo 

It should be noted that the equation 
for this circuit is a*b in contrast to 
fl/vbAO for Fig. 1(D). A practical problem 
might be as follows: Given the circuit 
of Fig. 8 (A), find a circuit that will select 
the greater of two voltages. In symbols, 
a circuit for ahb is given, and a circuit 
for avb is wanted. The solution follows. 

Note that avb = —(—a. a. —b) by equa¬ 
tion 1(A). The circuit for —a. a. —b is 
that for ca& with the polarity of the 
voltage sources a and b reversed. There¬ 
fore, the circuit for avb is that for asb 
with the polarities of a and b reversed 
and the opposite side of the output 
resistor considered positive. This is 
shown as Fig. 8 (B) and redrawn as 
Fig. 8 (C). 

The three simple examples of the use 
of the algebra should be indicative of 
its possible use with more complicated 
circuits. 

It was stated at the start that these 
are the very early results of a project 
whose aim is the evolution of an algebra 
capable of handling magnetic amplifier 
circuits. Magnetic amplifiers generally 
contain three elements: magnetic cores, 
rectifiers, and resistors. Here is demon¬ 
strated an algebra that can deal with 
two of the three. 

A General Method 

A general method has been evolved 
whereby equations can be written for 
any circuit containing rectifiers, resistors, 
and voltage sources. Consider first a 
complicated network that contains volt¬ 
age sources, resistors, and only one 
rectifier. The problem is to solve for 



e 0 ’[(flv c) -b] vo 


Fig. 7. Simplified version of Fig. 6 


e n the voltage across the resistor R n . It 
is known that e n will always equal one 
of the two following voltages: 1. The 
voltage obtained for e n from application 
of Kirch off’s laws if the rectifier is con¬ 
sidered an open circuit; or 2. The volt¬ 
age obtained for e n by the application of 
the same laws if the rectifier is assumed 
a short circuit. The only question at 
any particular time is “Which equation 
is valid?” or “Is the rectifier conducting?” 
At the boundary between conducting 
and nonconducting states of the rectifier, 
no voltage is across the branch in which 
the rectifier is located. Therefore the 
two solutions for e n noted in the fore¬ 
going are equal since the resistive value 
assumed for this branch cannot affect 
the value of e n at this crossover point. 
There are two solutions and we wish to 
transfer from one to the other when 
they are equal. This can be accom¬ 
plished by putting the,sign v or a between 
the two solutions. Which sign to so 
place is determined by noting whether 
current flow through the rectifier in 
its forward direction tends to increase or 
decrease & n . If such a current flow tends 
to increase e n , a v sign is placed between 
the solutions. If such a current tends 
to decrease e n , a a sign is placed between 
the solutions. 

The circuit of Fig. 3 is a very simple 
example. If the rectifier is open, = 
aia and e^—a^. If the rectifier is a 
short circuit, ei=a and 02 = 0 . Forward 
current flow through the rectifier tends 
to increase ei and decrease e%. Therefore 
e\ = avai a and 02 = a^aAO. 

In a circuit which has many rectifiers, 
the solution requires a series of calcula¬ 
tions of the type just described. Solu¬ 
tions for all possible combinations of 
rectifiers open and closed must be 
written. For N rectifiers there are 
2 N such solutions. These solutions are 
linked by v and a signs determined by 
noting whether forward current through 
successive rectifiers increases or decreases 
the desired voltage. 

As an example of the use of the method 
for a 2 -rectifier circuit, we will solve 
for 00 of Fig. 9. There are four possible 
modes of operation for the circuit 



e 0 = - (-a .a. - b) 
(B) 



e 0 = a v b 
(C) 


Fig. 8. A—Common circuit for obtaining lesser 
of two voltages. B—Circuit for obtaining 
greater of two voltages. C—Redrawn version 
of B 


aRiRt+bR 3 Rt , , ^ 

go = when both rectifiers 

RiRn -\-RiRi -\-RiRt 
are conducting 

0 o=—— 7 ^* when only the right hand 
rectifier is conducting 

00 =• w h eil on iy the left hand rectifier 

Ri+Rz 

is conducting 

0 O =O when neither rectifier is conducting 


First, the expression for e 0 with the 
right-hand rectifier considered to be an 
open circuit is written. This is a 1-rec¬ 
tifier circuit, so the method just demon¬ 
strated can be utilized. 


0 O (right-hand rectifier open) = 0 a 


Ri+Ri 



Fig. 9. A circuit with four modes of opera¬ 
tion 
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• . . ? ’ e ex P res sion for e 0 with the to increase or decrease e 0 . In this case 

' f n > r ® ct ^ r considered to be a it tends to increase e 0 no matter what 

o circuit is written. Again this is a the state of the left-hand rectifier. There- 
1-rectifier circuit. fore 

e ° (right-hand rectifier short-circuited) ( n bR 2 \ ( aR 2 

_gfe . aRiRi+bR 3 R 2 e<> ~\Ri+R2)\Ri+Ri A 

Rs+Rz RiRt+RiRt+RiRt 

The two expressions, as in the 1- 
rectifier case, are similarly linked by 
noting whether forward current flow This method can be extended to any 
through the right-hand rectifier tends number of rectifiers. 


oi?ii?2-i _ &i?a-2?2 \ 

RiRi+RiRi+RiRi) 
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Magnetic Characteristics Pertinent to the 
Operation of Cores in Self-Saturating 
Magnetic Amplifiers 


R. W. ROBERTS 

ASSOCIATE MEMBER AIEE 


A METHOD of measuringthemagnetic not perfectly accurate in every case, the 

characteristics which control the test measurements will give excellent 
manner in which cores operate in self- prediction of amplifier performance in 

saturating magnetic amplifiers is neces- a great many applications. In addition 

sary for both economical production and to its usefulness as a production test 

accurate design of such amplifiers. It instrument, the test method has proved 

has been found 1 * 2 that there is a lack of most valuable in development studies 

direct correlation between amplifier of magnetic material in the improvement 

characteristics, such as gain, and either of core fabrication techniques, and in 

d-c or a-c major hysteresis loop measure- the investigation of environmental effects 

ments. The difficulty lies in the manner on magnetic amplifier cores, 

in which the time lag 3 occurring between Introduction of this core test method 
the application of a magnetizing force has also yielded a new approach to 
on a core and the resultant change in magnetic-amplifier analysis and circuit 
magnetic induction, affects the operation design procedure. The core characteris- 
of a self-saturating amplifier. The result tics, as measured by the test method, 
is that, to determine the effective mag- can be used to obtain an analytical 
netic characteristics of a core pertinent expression for the control characteristics 
to self-saturating magnetic-amplifier of an amplifier. The use of this pro¬ 
operation, it is necessary to measure cedure has been found to be most useful 
characteristics under simulated amplifier in amplifier design work and particularly 
operating conditions in such a way that in the selection of appropriate cores for 

the effect of magnetization lag will be particular applications. Included in 

similar. the SCO p e 0 f this paper will be a descrip- 

A method has been described by tion of the core test method and its 

Conrath 4 which will allow a simple and relation to magnetic-amplifier operation, 

rapid measurement of core behavior In addition, the procedure for utilizing 

under conditions approximating magnetic core tester measurements in the analysis 
amplifier operation. An independent or design of self-saturating magnetic 
version of this test method has been amplifiers will be determined, 
used during the past year and a half for 

the selection and matching of many Core Tester Operation 
thousands of toroidal cores used in the 

production of a variety of different types The basic circuit of the core tester is 
of self-saturating magnetic amplifiers, illustrated in Fig. 1. It is essentially 
Experience has shown that, although a half-wave self-saturating mag netic 


amplifier except for the addition of a 
pickup winding and the relative propor¬ 
tioning of the excitation or load winding 
and a-c supply voltage. The circuit 
design is such that the excitation supply 
applies half-wave pulses of magnetizing 
force to a core, of sufficient magnitude 
to drive the flux to positive saturation. 
Then, for a period of time exactly equal 
to 1 half-cycle of the test frequency,, 
the excitation winding is effectively 
isolated by the blocking of the excitation 
rectifier. During this period, a d-e 
control demagnetizing force will be the 
only external magnetizing force acting 
on the core and, since the impedances- 
in the control and pickup winding 
circuits are made to be effectively 
infinite, there will be negligible externa! 
loading on the core. Thus, each cycle 
the core flux will be driven to positive 
saturation and then reset under the 
influence of a constant demagnetizing 
force for a period of exactly 1 half-cycle 
of the test frequency. Hence the phrase 
“constant current flux reset core tester,”* 
has been used to describe this test 
method. 

The total flux change each cycle, as a 
function of the control demagnetizing 
force, is required to determine the per¬ 
formance of a core in a magnetic amplifier. 
In the core tester the cyclic flux change 
will have small effect on the excitation, 
current. This is particularly true when 
a small core is being tested with only a 
1- or 2-turn excitation winding. How¬ 
ever, if a separate pickup winding is- 
used, the flux change may be obtained 
by appropriate measurement of the 
induced voltage, and also the measure- 
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Committee on Technical Operations for presenta¬ 
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DC SUPPLY 



DC CONTROL-AMPERE-TURNS 


Fig. 1. Magnetic amplifier core tester: basic circuit and typical core test characteristic curve. 
Standard measurement points— i. Vi measured at zero control ampere-turns. 2. Control 
ampere-turns measured at specified voltage Vi,i. 3. Gain on linear region between specified 
voltages Vi ,2 and Vi,i, as calculated from measured DAT. 4. Vi, m measured at specified 

control ampere-turns ATm 


ment will be independent of the magni¬ 
tude of excitation current so long as the 
core is driven to saturation each cycle. 

The a-c voltmeter reading of the 
induced voltage in the pickup winding 
will be related to the cyclic flux change 
as follows. The instantaneous value of 
induced voltage per turn w< is given by 

v t =(d<f,/dt)XlO-* ( 1 ) 

During a single cycle of steady-state 
operation the flux will change monotonic 
from the reset point 0o to positive satura¬ 
tion 4> m and will then return monotonic 
to the reset point. If the period of flux 
increase is from t—0 to t—ti and the 
period of flux decrease from t—htot—T, 
then the integral of the absolute value of 
Vi during each of these periods will be, 
from integration of equation 1 

( 2 ) 

Although the two periods may not be of 
exactly equal length, the integrals will 
be equal since the net flux changes must 
be the same. 

An average sensitive a-c voltmeter 
will give an indication proportional to 
the integral over a cycle of the absolute 
value of an a-c voltage. Therefore, it 
may be used to measure the total flux 
change per cyde. Average sensitive a-c 
voltmeters are conventionally calibrated 
in terms of the rms value of a sinusoidal 
input. With this calibration, the meter 
reading V will be rdated to the integral 
of the instantaneous voltage v by 



Using an average sensitive a-c meter 
to read »*, the meter value of induced 
voltage per turn F< will be 


F< = ^= “(0«—<£o)XlO“ 8 (4) 

Simplifying and using A0 = <£ m —0o 

Fi=2.22/A0XlO -& (5) 

A typical curve of induced voltage 
Vi versus d-c control ampere-turns AT 


Nomenclature 

A c —effective core cross-section area, square 
centimeters 

A T*= average ampere-turns applied to core 
during reset period 

ATa — value of control ampere-turns re¬ 
quired in core tester to obtain 
V t = Vi,\ 

ATm =value of control ampere-turns used 
in core tester to measure Vim 
AT P — peak value of exdtation ampere- 
turns on core tester 

B m = saturation value of flux density in 
core, gausses 

5 r =residual value of flux density in core, 
gausses 

A5 1 =peak-to-peak flux density change, 
gausses corresponding to induced 
voltage per turn Vt,i 
AB 2 =peak-to-peak flux density change, 
gausses corresponding to induced 
voltage per turn Vi# 

C =constant 

DAT* 8 difference in values of control 
ampere-turns required in core tester 
to change Vt from Vi,l to Vi,2 
f—SL-c supply frequency, cycles per second 
(cps) 

Gi— slope of linear region of core test 
characteristic curve, V/T per AT 
Hd .™value of magnetizing force, oersteds 
corresponding to A Ta 
Hp =peak magnetizing force, oersteds cor¬ 
responding to A Tp 

H m —value of magnetizing force, oersteds 
corresponding to AT m 
I e = average d-c control current, amperes 
K =gain of amplifier in terms of load 
voltage per control ampere-turn 
4,= mean length of magnetic path in core, 
centimeters 


for an oriented 50 per cent nickel-iron 
core is shown in Fig. 1. This curve is 
similar in form to the left flank of a 
hysteresis loop plotted in reverse with 
positive saturation coincident with the 
horizontal axis. That is, zero-induced 
voltage corresponds to the flux remaining 
at positive saturation throughout each 
cycle, while the maximum or saturation 
value of induced voltage is obtained 
when the flux swings from positive to 
negative saturation and back again 
each cycle. Core tester measurements 
may be expressed either in terms of 
induced voltage and control ampere- 
turns as in Fig. 1, or in terms of magnetic 
quantities such as flux density and 
magnetizing force. If converted into 
magnetic quantities, the data will rep¬ 
resent the left flank of an effective 
major a-c hysteresis loop formed by the 
locus of the lower left-hand corners or 
reset points of the minor loops actually 
followed by the core during each cycle. 

Consideration of the operation of the 
core tester at zero frequency or direct 
current will serve to illustrate further 
the significance of the test method. For 
d-c operation the test circuit will be the 
same except for the replacement of the 


JVc== number of turns in control winding 
on core 

IVg= number of turns in gate winding on 
core 

2? c =control circuit resistance, ohms 
Rl= load circuit resistance, ohms 
T —period of a-c supply frequency, seconds 
Vac = a-c supply voltage, rms volts 
Va =average sensitive a-c voltmeter value 
of induced voltage in gate winding* 
vg “instantaneous value of voltage induced 
in gate winding 

Vi — average sensitive a-c voltmeter value 
of induced voltage per turn* 

Vi —instantaneous value of voltage induced 
per turn in a winding on the core 
Fi,i=value of induced voltage per turn 
used for measurement of point 2 on 
core test characteristic curve 
Vi,t —value of induced voltage per turn 
used for measurement of point 3 on 
core test characteristic curve 
Vi, m = maximum or saturation value of 
induced voltage per turn obtained 
from core tester when control 
ampere-turns equal AT m 
Fi,o = value of induced voltage per turn 
obtained from core tester under 
conditions of zero control ampere- 
turns 

Ft “amplifier output voltage average value 
for d-c output or average sensitive 
a-c voltmeter value for a-c output* 
/td=value of effective differential per¬ 
meability corresponding to core test 
characteristic gain, Gi 
0m“saturation flux level in core 
0o“flux in core at end of reset period 
0r== residual flux in core 

* Average sensitive a-c voltmeter assumed by 
convention to be calibrated in terms of rms value 
of sinusoidal voltage. 
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average sensitive a-c voltmeter with a 
ballistic galvanometer or flux-meter and 
the use of a switch and d-c power supply 
for the excitation circuit. Under these 
conditions, when the excitation current 
is turned off, the flux will be reset by the 
control current to a point on the major 
d-c hysteresis loop. A plot of the data 
for various values of control magnetizing 
force will give the actual left flank of the 
major d-c hysteresis loop for the core. 

When the tester is operated from a-c 
excitation, the major difference from d-c 
operation will be that for a certain 
range of control magnetizing force the 
flux will not reset to a point on the d-c 
hysteresis loop when the excitation cur¬ 
rent is blocked or turned off for a half¬ 
cycle of the a-c test frequency. This 
is because an appreciable length of time 
is required for the magnetization to 
reach its final state after the application 
of a magnetic field . 3 * 5 This time lag 
is variable with the magnitude of the 
applied field and the initial state of the 
core but it is often considerably longer 
than a half-cycle period of even 60-cps 
power frequency . 3 

The cause of this time lag is not as 
yet completely understood. Although 
eddy currents will certainly cause a time 
lag, the observed delays in rectangular 
loop materials are much greater than 
predicted by the usual eddy current 
calculations. It has been suggested that 
there may be a magnetic effect analogous 
to viscosity . 8 However recent studies 
of domain structures in these materials 
indicate that the lag is most likely 
attributable the eddy currents associated 
with the movement of the sharp change 
in magnetization at the domain wall. 

Core Test Characteristic Values 

For greatest usefulness, the important 
features of the core test characteristic 
curve must be expressed by a set of 
characteristic values. The standard test 
values described in Fig. 1 have been found 
convenient to measure under production 
conditions and, also, accurately to repre¬ 
sent features of the core characteristic 


tested, since the time lag of magnetiza¬ 
tion is normally very small in the positive 
saturation region. 

The values of the test points Vi, 1 
and V it s must be chosen to lie within the 
linear region of the curve for all cores of 
the type to be tested. The test points 
were selected in terms of the induced 
voltage because the greatest variance of 
characteristics among cores of a given 
type occurs in the location of the linear 
region with respect to the ordinate. In 
practice it has been found possible to 
specify values of V it i and 7 il2 which 
satisfactorily represent the linear region 
of the curve for all undamaged cores of 
any given size and material. 

Measurement of the saturation induced 
voltage Yt, m is most convenient if per¬ 
formed at a specified value of control 
ampere-turns, AT m . This point should 
be chosen on the basis of the largest 
anticipated effective a-c loop width. 

Related Magnetic Quantities 

As previously stated, there is a corre¬ 
spondence between the core test charac¬ 
teristic curve and an effective major 
a-c hysteresis loop. In considering core 
materials, it is convenient to express 
the core test characteristic values in 
terms of the normalized magnetic charac¬ 
teristics of this effective hysteresis loop. 
The relations between the core test 
measurements and the corresponding 


magnetic quantities are based 
equations 

on the 

„ 0.4x4 T 

H. = 

lm 

( 6 ) 

A5 =-— X10 8 

2.22!/4, 

(7) 

where 



/m=the mean magnetic path length 
A c = effective core cross-section area 
A5 = peak-to-peak flux density change per 
cycle 

The conversion of core test charac¬ 
teristics and test conditions to effective 
magnetic quantities are as follows. 


For core test values 


Bm Br ~2.22fA e X1 ° 

( 8 ) 

__ 0.4x4 7* 

Hd= i 

(9) 

AB 2 — ABi Gil m . 

A H 0.888/4, X ° 

( 10 ) 

£*=7^277 XiO 8 

4.44/4, 

(ID 

For test conditions 


0.4x4 T P 

Hp ~ i 
*m 

( 12 ) 

Vi i 

AJi-— -g- X10 g 

2.22/4, 

(13) 

Vi 2 

AF 2 = - X10 8 

2.22 If Ac 

(14) 

TT 0.4x4 T m 

"tt — - 

*m 

(IS) 


Typical ranges of these normalized 
magnetic characteristics as measured 
for a 400-cps test frequency are given 
in Table I for the common rectangular 
loop materials used in magnetic amplifiers. 
The data represented have been accumu¬ 
lated over the past IV 2 years and are 
felt to be representative of the 400-cps 
characteristics at present available in 
wound-strip toroidal cores of commercial 
materials 1 -mil or 2 -mil thick. 

Core Shape Effects 

It might be expected that B m , B r > 
Ha, and n d would be functions strictly 
of the core material, and independent 
of core shape. However, it has been 
found experimentally that ii d decreases 
as core build-up or outside-diameter 
(OD) to inside-diameter (ID) ratio is 
increased. This effect has been found 
both from core test and d-c differential 
permeability measurements. That such 
an effect should occur appears logical 
upon reasoning that with a large OD-to- 
ID ratio there will be a large difference 
in the magnetizing force applied to the 


with respect to magnetic-amplifier appli¬ 
cation. 

Measurement of these standard test 
values is dependent on several test 
conditions which must be specified on 
the basis of the characteristics of the 
core material being tested. First, the 
peak value of the excitation ampere- 
turns AT P must be sufficiently great 
to assure saturation of the core. This 
value can be set on the basis of the d-c 



gn tic properties of the material being Fig. 2. Block diagram of core tester showing instrumentation for induced voltage measurement 
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inner and outer portions of the core at 
a given value of applied ampere-turns. 
This will tend to increase the differential 
ampere-turns required to change the 
entire core from positive to negative 
saturation. Initial theoretical studies 
of this effect, on the basis of an assumed 
idealized hysteresis loop for a thin ring 
of material, indicate a rather complicated 
relationship between the effective 
differential permeability, material mag¬ 
netic properties, and core OD-to-ID 
ratio. Experimental determinations of 
this relationship are complicated by the 
ever-present variance of magnetic charac¬ 
teristics found between different cores 
because of material and manufacturing 
process variables. However, the indica¬ 
tions are that for OD-to-ID ratios less 
than about 1.4 the reduction in n d is 
relatively small for present commercially 
available materials. Since most of the 
widely used core sizes fall within this 
range, the effect will be neglected in the 
results of this paper. 

Core Tester Design 

The average sensitive a-c voltmeter 
is the most difficult portion of the core 
tester to obtain. The wave form of 
induced voltage is highly peaked and of 
a low average magnitude. For small 
cores it may well be less than 5 milli¬ 
volts while the ratio of peak to average 
is between 20 and 50. Average sensitive 
a-c voltmeters which will measure such 
a voltage and be truly average sensitive 
are not commercially available. The 
best solution found to date has been to 
use a wide-band high-gain electronic 
amplifier to raise the level and then to 
meter with a linearized rectifier-type 
voltmeter. Care must be taken in the 
choice of amplifier since phase shift 
within the frequency spectrum of the 
induced voltage will introduce an error 
in the average value measurement. A 
block diagram of a core tester with such 
a meter arrangement is shown in Fig. 2. 

Placement of the test turns on a core 


has not been found critical in the case 
of toroidal cores. Leakage flux is ap¬ 
parently not appreciable, and it is pos¬ 
sible to place the necessary turns on the 
core by means of a simple multipin plug- 
and-socket arrangement. However, it 
is necessary to eliminate the air core 
coupling between the excitation and 
pickup windings so that the induced 
voltage will be zero in the absence of a 
core. This can be accomplished by 
physically separating the turns on the 
core, but it is more convenient to com¬ 
pensate for the coupling by the use of an 
adjustable linear bucking transformer, 
as shown in Fig. 2. 

Another important feature of the core 
tester design is the loading placed on the 
core by the control and pickup windings. 
The effect of this loading will be to reduce 
the net applied magnetizing force by an 
amount dependent on the induced voltage 
Vi and the number of turns which are 
loaded. Thus the effect of the loading 
will be to decrease the apparent core 
gain. An approximate calculation of the 
gain reduction can be made if it is as¬ 
sumed that the total amount of flux 
reset during a half-cycle period is pro¬ 
portional to the average control magne¬ 
tizing force applied during the period. 
This is only an approximation but will 
serve to indicate the order of magnitude 
of loading effects. Considering the 
effect of the induced voltage on the 
control cunrent, the average net ampere- 
turns applied to the core during the reset 
period will be 

AT=IcN e -?~ ( 16 ) 

I\o 

where I e N c is the nominal value of d-c 
control ampere-turns and R 0 is the 
resistance in series the control winding 
of N c turns. The symbol A indicates a 
half-wave average value, i.e., 

1'-~X T/ Vt)dl (17) 

Utilizing the foregoing assumption, the 
value of AT given by equation 16 will 


determine the amount of reset, and thus 
the value of V it in a manner predicted 
by the core test characteristic curve. 
This relation will be the equation of the 
linear region of the core test characteristic 
curve or 

Vi=GiAT+C ( 18 ) 

where C— a constant given by 
C=Vi,i-GxAT d ( 19 ) 


Substituting the equation 16 value of 
A T into equation 18 gives 


„_ Gt/A _^ +c 

Kc 


The half-wave average and average 
sensitive a-c meter values of induced 
voltage Vi are related by t r i = 0.9 F f . 
Solving for Vi 


GiNJo+C 
1-K0.9 GiN 0 *)/Rc 


( 21 ) 


Thus it is seen that for the loading 
to have a negligible effect, 0.9 GiN c 2 /R c 
should be very much less than 1. In 
practice it is found convenient to use 
inductive rather than resistive isolation 
of the control source in order to reduce 
the control power requirements. 


Relation of Amplifier Performance 
to Core Test Data 


Practical evidence for the existence 
of a general correlation between core 
test results and amplifier operating 
characteristics is the appreciable increase 
in yield that resulted when the tester 
was introduced for the selection of 
matched groups of toroidal cores for the 
production of a variety of critical self- 
saturating magnetic amplifiers. For 
production use, relatively broad general 
limits were placed on the first and fourth 
test points, while the required range and 
match of values for AT a and Gi were 
determined for each individual amplifier 
design. When this procedure for core 
selection and matching was introduced 
on a pilot plant scale, in place of a 


Table I. Typical Core Test Magnetic Characteristic Ranges lor Various Materials at 400-Cycle Test Frequency 




Test Values 



Test Conditions 


Core Material, Toroidal Cores 

B ra — Br, 
Kilogausses 

Hd, 

Oersteds 

jud 

Bm, 

Kilogausses 

ATp, 

Oersteds 

ABi, 

Kilogausses 

ABs, 

Kilogausses 

ATm, 

Oersteds 

Highly oriented 50% . nickel-iron, 
2-mil strip, Hipemik V.. 

.0.9 to 1.4... 

..0.15 to 0,24... 

.. 15 to 50 X10 4 .., 

...14.0 to 15.3... 

.....2.0.... 

... 10.5..., 

....21 . 

..0.359 

Nonoriented 50% nickel-iron, 2-mil 
strip, Hipernik. 

.1.4 to 3.5... 

..0.08 to 0.16... 

.. 15 to 50X10* ... 

..12.0 to 14.0... 

.2.0—. 

. .. 10.5..., 

,...21 . 

..0.359 

Mo-Permalloy and supermalloy-type 
materials, 1 or 2-mil strip. 

. 1.3 to 3.1... 

..0.015 to 0.05... 

.. 40 to 90X10* ... 

.. 5.7 to 8.7... 

.1.0.... 

... 5.25..., 

,...10.5. 

..0.135 

Oriented 3% silicon-iron, 5-mil strip, 
Hipersil. 

.1.3 to 3.5... 

..0.39 to 0.54... 

..2.6 to 11X10*.., 

...14.4 to 17.5... 

.4.0.... 

... 10.5..., 

....21 . 

..1.58 
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Fig. 3. Basic half-wave self-saturating 
magnetic amplifier 


previous test method based on measure¬ 
ments of the peak differential per¬ 
meability and coercive force for a major 
a-c hysteresis loop obtained with sinu¬ 
soidal magnetizing force, the yield at 
the first operational test point increased 
from about 70 to 90 per cent. A con¬ 
tinued increase in the yield figure has 
been observed since the introduction of 
the tester, partly because of test equip¬ 
ment refinements and better specification 
of allowable characteristic ranges. 

The process of determining the allow¬ 
able ranges of core characteristics for 
each new amplifier design during the 
past l 1 /2 years has afforded many 
opportunities for checking the relation 
between core test data and amplifier 
operating characteristics. In the ma¬ 
jority of instances at least a qualitative 
correlation was found, i.e., cores with 
high values of G* wouldresult in amplifiers 
with somewhat higher gains, and also 
the amplifier bias requirements would 
fall in order with the core test values of 
A T a . However, there were some ampli¬ 
fier designs for which little direct relation 
between amplifier performance and core 
test data could be found. In some of 
these cases it was determined that 
intrawinding capacitance was introducing 
an appreciable effect, thus masking core 
variations. In others there was no doubt 
that some other facet of core behavior 
was having an appreciable effect on 
amplifier performance. 

Mechanism of Amplifier Operation 

•An analysis of the mechanism of 
operation of a self-saturating amplifier 
will serve to illustrate the manner in 
which core magnetic properties affect 
amplifier performance and will also 
indicate the conditions on amplifier 
design necessary for direct correspondence 
to the core tester measurements. The 
basic half-wave circuit in Fig. 3 will 
be analyzed in detail throughout a full 
cycle. It is assumed for the sake of 
simplification that the rectifier is ideal, 
having zero reverse leakage and a con¬ 
stant forward resistance. Also the con¬ 
trol signal source impedance is effectively 
infinite, the load is purely resistive, and 
the total load circuit resistance is lumped 
into R l . Basic equations expressing 
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amplifier control characteristics in terms 
of core tester measurements, as well 
as the conditions necessary for the 
validity of these equations, will be 
obtained. These results can then be 
easily extended to the case of more 
complicated circuits. 

As is shown in Fig. 4(C), at the start 
of a positive half-cycle of supply voltage 
the flux will be at the reset level <f> 0 as 
determined by the control demagnetizing 
force applied during the previous half¬ 
cycle. As the supply voltage increases 
in the positive direction, current will 
flow through the gate winding applying 
positive ampere-turns to the core. This 
will increase the net ampere-turns acting 
on the core, Fig. 4(B), which will produce 
a flux change and an induced voltage 
in the gate winding, tending to limit the 
load current. This action will continue, 
with the load current being limited to 
the magnetization current for the core, 
until the flux reaches a positive satura¬ 
tion. Once the core saturates, the full 
supply voltage appears across the circuit 
resistance, or in this case R L , and the 
load current will increase to a value 
many times the magnetizing current. 

Toward the end of the positive half¬ 
cycle the supply voltage and load current 
will decrease to a point where the net 
ampere-turns will not be sufficient to 
keep the flux at positive saturation. 
The decrease in flux will induce a voltage 
in the gate winding, tending to increase 
the load current. This will increase 
the load voltage to a value slightly 
greater than the supply voltage. How¬ 
ever, in nearly all magnetic amplifier 
designs the load impedance is low com¬ 
pared to the unsaturated impedance of 
the gate winding, and a very small value 
of induced voltage will be s uffi cient to 
prevent further decrease of load curr en t, 
and thus will keep the flux essentially 
at positive saturation until the end of 
the positive half-cycle. This may be 
seen in Fig. 4(A) where the induced 
voltage is essentially zero until the 
supply voltage reverses polarity. 

From this it will be seen that the load 
voltage will be equal to the supply 
voltage during the positive half-cycle, 
minus the voltage absorbed by the gate 
winding as the core flux changes from the 
reset point to positive saturation. 
The average value of gate-winding 
induced voltage will be related to the 
flux change. Thus using half-wave 
average values, as defined in equation 
17, the load voltage will, to a close 
approximation, be given by 

Vl=Vac-Vo (22) 


where 

Vl= average value of load voltage during 
the positive half-cycle 
Vac =average value of supply voltage dur¬ 
ing the positive half-cycle 
average value of gate-winding induced 
voltage during the positive half-cycle 

The corresponding full-wave values of 
these quantities will be as follows: For 
the load voltage, the full-wave average 
d-c value will be one-half of the half-wave 
average because there will be negligible 
output during the reset half-cycle. For 
both the supply voltage and the gate¬ 
winding induced voltage, the half-wave 
average values will be equal in magnitude 
during each half-cycle and thus the 
average sensitive a-c meter values will 
be ?r/2-\/2 or 1.11 times the half-wave 
average values. Thus equation 22 can 
be written 

Fz,=0.45( Vac — No Vi) (23) 

where NoVi—Vg, since Vt is defined 
as the average sensitive meter value of 
the induced voltage per turn. 

It is worthy of note that equation 23 
is explicitly independent of the magne¬ 
tizing current that flows as the core is 
driven to positive saturation. The flow 
of magnetizing current will change the 
firing angle and the wave form of the 
output voltage, but will not affect the 
average output so long as the core reaches 
saturation before the end of the positive 
half-cycle of supply voltage. However, 



A—Voltage induced in gate winding 
B—Total ampere-turns on core 
C Flux in core, negative control ampere- 
turns applied to core 
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the induced voltage during the reset 
of flux can produce a load current similar 
to magnetizing current which may affect 
the average output, as will be shown. 

At the beginning of the negative half- 
cycle of supply voltage the flux will be 
near to positive saturation and there 
will be a current circulating in the load 
circuit tending to keep the flux at satura¬ 
tion. As the supply voltage increases 
in the negative direction the load circuit 
current will decrease and thus increase 
the net demagnetizing ampere-turns ap¬ 
plied to the core, as is shown in Fig. 
4(B). The induced voltage will therefore 
tend to follow, and in effect be limited 
by, the supply voltage. (This action 
has been termed “backfiring” in the 
sense that current flows in the load 
circuit at a time when the supply voltage 
is of a polarity to put a back voltage oil 
the rectifier.) The induced voltage win 
continue to be limited by the supply 
voltage until a point is reached where 
the maximum net demagnetizing force 
available, (corresponding to the applied 
negative control ampere-turns) will not 
cause a flux rate of change great enough 
to induce a gate-winding voltage equal 
to the supply voltage. At this time the 
load current will tend to reverse, the 
rectifier will block, and the flux will 
continue to reset at a natural rate de¬ 
termined by the influence of the control 
demagnetizing force on the core. 

For cores with a relatively short time 
lag for a change of magnetization, the 
flux will have reset to a point on the d-c 
hysteresis loop before the end of the 
half-cycle. However in the case of the 
metallic cores commonly used in magnetic 
amplifiers there will be a range of control 
for which the flux will still be changing 
at the end of the negative half-cycle. 
For this latter case backfiring will again 
occur when the induced voltage equals 
the supply voltage. This effect is seen 
in Fig. 4 just before the end of the 
negative half-cycle. 

A comparison of the amount of flux 
reset obtained in amplifier and core 
tester operation of a core can now be 
made. It is seen that for the case of 
cores with a negligible time lag for a 
change of magnetization, the amount of 
flux reset will be exactly the same in 
core tester or amplifier operation with a 
given value of control ampere turns. 
For cores with a long magnetization 
time lag, however, there will be a differ¬ 
ence in the amount of flux resetting de¬ 
pendent on the portion of the negative 
half-cycle during which backfiring occurs. 
This is a function of both amplifier design 
and core characteristics. 
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Amplifier Equations 

For the case of amplifier designs for 
which the amount of flux reset for a given 
value of control current will be the same 
as in the core tester, the total flux change 
per cycle and thus the value of induced 
voltage per turn will be the same in 
each. Equation 18, relating Vi and the 
control ampere-turns for the core tester, 
can be substituted into equation 23 for 
the half-wave amplifier giving for the 
transfer curve of a half-wave amplifier 

V L - 0.45( Vac- GiN a A T— C) (24) 

The gain K of this amplifier will be 
dVjdAT or 

K=-0A5GiNa (25) 

Extension of these results to the various 
full-wave circuit configurations can be 
easily accomplished if each core in the 
full-wave circuit can be assumed to 
operate in the same manner as in a 
half-wave circuit. Lord 2 has shown 
this to be the case for the bridge and 
center-tap circuit but not for the doubler 
circuit in the case of typical circuit 
designs and core characteristics. Actually 
the action of the load circuit in limiting 
the induced voltage during reset will be 
somewhat different in each of the circuits 
and the flux reset may or may not be 
the same as in core tester operation, 
dependent on the core characteristics 
and amplifier design. For those full- 
wave circuits with high control circuit 
impedance, for which the requirements 
are met, the output each half-cycle will 
be as given by equation 22 and thus for 
the case of d-c output 

Vl - 0.9( V A0 -GiNaA T- C) (26) 

and for a-c output, as from a doubler 
circuit 

V L = Vac- GiNaA T- C (27) 

The effects of rectifier leakage can 
be computed for each type of circuit if it 
is assumed that the amount of flux reset 
is proportional to the average net ampere- 
turns applied to the core during the reset 
period. It is to be shown that this is 
not an accurate assumption and therefore 
such a calculation is useful only for 
estimating the order of magnitude of 
the rectifier leakage effect. 

Experimental Example 

The relation between core test measure¬ 
ments and amplifier performance and, 
in particular, the effect of amplifier 
design on the amount of backfiring will 
be further illustrated by an experimental 
example. A half-wave self-saturating 




Fig. 5. Induced voltage wave forms (for 
core of Fig. 6 with —1.3 control ampere- 
turns applied). Solid lines, core operating 
in amplifier. Dashed lines, core operating in 
core tester. Operating conditions: 

A—D-c control current, Vao=75 volts 
B—D-c control current. Vac =40 volts 
C—Pulsating control current, reference supply 
voltage shown 


amplifier with essentially infinite-control 
circuit impedance, such as is shown in 
Fig. 3 was constructed with the following 
core and design features. 

Characteristics of Example Core 

Size—3/4-inch ID by 1-inch OD by 1/4-inch 
height 

Material—oriented 50 per cent iron-nickel, 
Hipemik V 

Construction—toroidal core, wound from 
2-mil-thick strip with 84 per cent 
space factor 

Core test values at 400 cps: 

Vi,o: 0.75 by 10 -8 volts per turn 

ATa: —1.30 ampere-turns 

Gt: —0.088 volts per turn per ampere- 
turn 

Vi, m : 43.5 by 10“ 8 volts-tum 

Example Amplifier Design 

Gate winding—1,600 turns 
Self-saturating rectifier—two type-641.5 
vacuum-tube rectifiers in parallel 
(four plates) 

Total effective load resistance, Ru —1,100 
ohms 

Nominal saturation voltage at 400 cps—00 
volts rms 

Control transfer curves for the example 
amplifier under various operating condi¬ 
tions are shown in Fig. 5. Also shown, 
in dashed lines, are the transfer curves 
as calculated from the core test charac- 
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Fig. 6. Control characteristic curves for 
half-wave self-saturating magnetic amplifier. 
Solid lines measured, dotted lines calculated 
from core test data. Operating conditions: 

A—D-c control current, Vac = 75 volts 
B—D-c control current, Vac=40 volts 
C—Pulsating control current, Vac=40 volts 

teristic curve of Fig. 7 with the use of 
equation 24. 

It will be noted from curves A and B 
of Fig. 6 that there is almost a perfect 
correspondence between measured and 
calculated values of amplifier output for 
operation with a supply voltage of 75 
volts, while the correspondence is not as 
good with a supply voltage of 40 volts. 
The reason for this is evident from the 
induced voltage wave forms shown in 
Fig. 5. When the amplifier is operated 
at 75 volts supply voltage, the induced 
voltage in the gate winding during the 
reset period does not tend to exceed the 
supply voltage for a large portion of the 
period, and the amount of flux reset 
obtained will be approximately the same 
in the core tester or amplifier. However, 
when the amplifier is operated at 40 
volts’ supply voltage, the voltage in¬ 
duced in the gate winding during reset 
is effectively limited to the value of 
supply voltage during an appreciable 
portion of the period, and there is a 
difference in the amount of flux reset 
obtained under amplifier and core tester 
operation. 

Pulsating Control Current 

Practical applications often require 
that a magnetic amplifier be controlled 
by a pulsating, rather than a pure d-c 
control current. As the experimental 
example demonstrates, the effect of 
pulsating control currents on an amplifier 


with relatively high control circuit 
impedance can be twofold. First, there 
is a difference in the amount of flux reset 
obtained in a core when a constant 
demagnetizing force is applied for one 
half-cycle of the test frequency or when 
a sinusoidal pulse of demagnetizing force, 
having the same average value, is applied 
for the same period of time. Second, 
the voltage induced in the gate winding 
of an amplifier during the flux reset 
period will tend to have a higher peak 
value when a pulsating control de¬ 
magnetizing force is applied, and this 
can cause a drastic amount of backfiring 
and lack of correspondence between core 
tester results and amplifier performance. 

These two effects of the use of pulsat¬ 
ing control current are illustrated in 
Figs. 5, 6, and 7 for the case of control 
current obtained from full-wave rectified 
supply voltage. The effect on the core 
test characteristic curve is shown in 
Fig. 7. The major effect of the pulsating 
control is to produce a lateral shift of the 
curve. The slope is changed but little; 
from Gi— —0.088 v/T per A-T for pure 
d-c control to (?*= — 0.095 v/T per 
A-T for full-wave rectified control cur¬ 
rent. Comparative tests on other cores 
indicate that the gain change may be 
either slightly positive or negative but 
that it is usually minor as compared to 
the shift in effective loop width or bias 
requirement. 

The cause for the second effect, that 
of increased backfiring, is apparent from 
the wave form of induced voltage, 
Fig. 5(C). It is apparent from this 
wave form that amplifier performance 
should correlate very well with core 
test measurements, made under control 
current wave form conditions, until a 
point is reached where the peak of 
induced voltage produces backfiring. 
This is demonstrated in Fig. 6, curve C, 
where the measured curve is seen to 
break away at a point part way down the 
transfer curve. An investigation of the 
circuit operation at this point showed 
that the peak of induced voltage in the 
gate winding was just equal to the 
supply voltage. 

The implications of this control cur¬ 
rent wave form sensitivity are of im¬ 
portance. First, the anomalous results 
sometimes encountered in attempting 
to control a high control circuit imped¬ 
ance amplifier with the highly pulsed 
output of a previous stage, are explained 
in terms of the presence of excessive 
backfiring during the period of the pulse. 
Second, in the case of full-wave amplifiers 
with relatively low control circuit im¬ 
pedance, the voltage induced in the 



Fig. 7. Core test characteristic curves (for 
core of Figs. 5 and 6). Operating conditions: 

A—D-c control current 
B—Pulsating control current 

control winding during reset is forced 
to be equal to the voltage induced in the 
control winding of the opposite core as 
it is driven to saturation by its gate 
circuit. 6 Under these conditions there 
will be no appreciable backfiring but 
the net control current will have a 
pulsating wave form dependent on the 
magnetization current of the core being 
reset.® Obviously, the correlation with 
core tester data obtained with pure d-c 
control current will be poor under these 
conditions. However, if the results 
obtained with the use of full-wave 
rectified control current can be ex¬ 
trapolated, it appears the amplifier gain 
in the low control circuit impedance 
case should be related to the core test 
gain measure. Experimentally, it has 
been found that a qualitative relation 
does exist. 

Conclusions 

For simple self-saturating magnetic 
amplifiers, constructed with cores having 
negligible eddy-current type of effects, 
such as the rectangular loop ferrite 
cores, the control characteristic curve 
will be an accurate reflection of the left 
flank of the hysteresis loop for the 
cores used in the amplifier. That is, 
during the reset half-cycle of supply 
voltage with respect to a particular 
core, that core will be reset to a point on 
the d-c hysteresis loop corresponding to 
the control demagnetizing force applied. 
On succeeding positive or gating half- 
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cycles tlie integral of the voltage in¬ 
duced in the gate winding, corresponding 
to the flux change back to saturation, 
would then be effective in reducing the 
load voltage. 

However, in the case of metallic cores, 
and even for very thin thicknesses of 
material, it is found that the time lag 
for a change of magnetization, as pro¬ 
duced by eddy currents or other similar 
phenomena, plays a major role in de¬ 
termining the operation of a self-saturat¬ 
ing amplifier. The period of time avail¬ 
able for flux reset, equal to a half-cycle 
of the operating frequency, is not suffi¬ 
cient to obtain complete flux reset back 
to a point on the d-c hysteresis loop. 
The core test method which has been 
described takes the time lag of magne¬ 
tization into account by measuring the 
amount of flux reset obtained when a 
constant demagnetizing force is applied 
for a period of one half-cycle of the 
operating frequency. 

A further investigation of amplifier 
operation discloses that the core tester 
gives a realistic approximation to ampli¬ 
fier operation for some designs but that 
for others another factor is affecting 
amplifier operation. This is a limiting 
of the flux rate of change brought about 
by a limiting of the induced voltage 
which can appear in the gate winding 
during the reset period. This limitation 
of flux rate of change, coupled with the 
time lag of magnetization, results in less 


reset than predicted by the core tester. 

Finally, it is found that the wave form 
of the control demagnetizing force has a 
two fold effect on amplifier operation. 
In the case of flux reset at a natural rate, 
the wave form of demagnetizing force 
will directly influence the total amount 
of reset obtained during the half-cycle 
period. But, in addition, the application 
of pulses of demagnetizing force to a 
core operating in an amplifier may not be 
fully effective because of the limitation 
of the flux rate of change by the gate 
circuit. 

It is evident that a modification of 
the core tester to introduce the limiting 
action on the flux rate of change and the 
control current wave form corresponding 
to a particular amplifier design would 
make possible the accurate prediction 
of core performance in that amplifier 
design. However, this would require a 
different tester design for each type of 
amplifier design. Such a procedure 
might be justified in the case of large- 
volume production of a highly critical 
amplifier. But the advantages of a 
general-purpose magnetic amplifier core 
test method would be lost. 

The present core test method, though 
not perfectly accurate in predicting the 
operating characteristics of some types 
of magnetic amplifier design, has been 
found accurate in selection of cores 
which will have the characteristics re¬ 
quired for the proper operation of 


nearly all amplifier designs. Extensive 
production use has indicated that in the 
great majority of applications it is pos¬ 
sible to determine experimentally a range 
and match of core test characteristic 
values which specify the core require¬ 
ments for satisfactory amplifier operation. 
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Discussion 

Clement L. Boyajian (General Electric 
Company, Schenectady, N. Y.): This is a 
timely paper on the measurement of the 
magnetic characteristics of cores. Of major 
interest is the correlation between the 
characteristics measured on the core tester 
and the actual amplifier characteristics. 



Fig. 8. Amplifier bias for 1/2-saturation 
voltage versus tester bias for 1/2-saturation 
voltage 


Considerable work has been done in our 
laboratories on obtaining data to determine 
this correlation, and a presentation of a 
portion of the findings may be enlightening 
at this time. 

The core tester used was a constant cur¬ 
rent reset tester similar to the one referred 
to in Fig. 8. The magnetic-amplifier 
circuit used was a full-wave, center-tapped 
circuit employing electronic diodes. The 
correlation resulting is shown in Figs. 8 
and 9. The two plots are the most perti¬ 
nent of the data compiled. 

The data were obtained by choosing 
eight matched pairs of cores, all of the same 
size and material. They were of Deltamax 
( 4635-D2) 2-mil strip grain-oriented 50- 
per-cent nickel-iron alloy, having rec¬ 
tangular hysteresis loops (size 1.375-inch 
OD by 1-inch ID by 25-inch height). In 
Figs. 8 and 9, pairs are numbered 1 to 8, 
according to width of loop from narrowest 
to widest, respectively. 

The pairs were chosen so that their 
widths of loop were as diversified as possible. 
They represent a realistic cross section of 
cores which were received from a given 
manufacturer over a period of months. It 
is important to note that for this, material 
a wide variation in coercive force was 
encountered. The measured coercive forces 
varied approximately 2.5 to 1. 


These cores were first tested in the core 
tester measuring the bias necessary to 
reset the core to point A and the induced 
voltages corresponding to resets to points 
Bi and Bn as shown on the B-H loop in 
Fig. 10. Point A was determined by 
measuring the maximum or saturation 
value of induced voltage for a specific 
maximum bias. Then the bias current 
necessary to induce one-half of this satura¬ 
tion voltage was measured. This is re- 



Fig. 9. Amplifier current gain versus tester 
voltage gain 
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Fig. 10. Illus¬ 
trative B-H loop 


ferred to as the test bias for 1/2-saturation 
voltage. This bias point is representative 
of the coercive force of the core, although 
not a measure of it. The maximum bias 
current and the excitation current were 
the same for all cores. 

To obtain the core voltage gain on the 
core tester, the induced voltage was meas¬ 
ured for a specific plus-and-minus bias 
current, straddling the bias of point A. 
This represents resets to points B x and 5 2 . 

The cores were then wound and their 
amplifier characteristics measured for high- 
impedance control operation. A ratio of 
control turns squared to control resistance 
(N*/R) equal to 10 was considered high- 
impedance control. For the amplifier meas¬ 
urements, the supply voltage was kept 
constant for all cores at a value of approxi¬ 
mately 75 per cent of the average saturation 
voltage of the cores. 

The amplifier bias current necessary to 
induce in each core a voltage exactly equal 
to the 1/2-saturation voltage measured on 
the tester was measured. This is referred 
to as the amplifier bias for 1/2-saturation 
voltage. Except for the slight discrepancy 
caused by the greater peak excitation cur¬ 
rent of the amplifier, this value of amplifier 
bias current would cause the core to reset 
to the same point on the B-H loop as it 
had done on the core tester. For perfect 
correlation the bias ampere-turns measured 
in each case should be equal. . The plot of 
Fig. 8 shows this to be very nearly true, 
resulting in excellent correlation for the 
high-impedance control condition. How¬ 
ever, as would be expected, the correlation 


was not as good for lower impedance 
control conditions. 

To obtain the amplifier gain data, the 
bias currents necessary to induce exactly 
the same voltages as measured on the tester 
for points B x and B 2 were measured, as 
well as the corresponding amplifier load 
currents. This insured gain measurement 
at the same points of operation for both 
cases. 

The correlation of gain measurements 
was fairly good, as can be seen in Fig. 9. 
For perfect correlation, all points would 
fall on a straight line passing through zero. 


R. W. Roberts: I wish to thank Mr. 
Boyajian for his findings on the correlation 
between core tester measurements and act¬ 
ual amplifier performance. His results are 
quite similar to those we have obtained from 
like experiments. The test points which 
he uses to specify the important features 
of the core test characteristic curve are an 
interesting alternative to those I used. 
Certainly the value of control ampere- 
turns necessary to induce one-half of satura¬ 
tion voltage is of basic interest, since this 
value is, in a certain sense, analogous to a 
coercive force. However, from a purely 
practical standpoint of testing cores for 
use in magnetic amplifiers it would seem 
that a measurement of the control ampere- 
turns necessary to induce some fixed value 
of voltage would be more directly useful 
and would be an easier value to obtain. 

A few additional remarks on the known 
causes of discrepancies between core tester 
and amplifier characteristics will perhaps 
be of value to others who wish to investigate 
the core test methods. It has been found 
generally true that, as demonstrated by 
Boyajian’s results, the best correlation 
exists for effective loop width or bias 
measurements, while the gain figures are 
in poorer agreement. There are several 
apparent causes for this. First, gain 
measurements in both core tester and single- 
ended amplifiers involve measurements of 


a small change in a relatively large value 
of control or bias current. Thus, normal 
random metering errors will produce a 
greater percentage variance in gain 
measurements than in bias measurements. 
Second, mechanical strain or core damage 
will affect core gain much more than the 
bias value. In a great many instances 
apparently poor correlation has been found 
to be caused by slight core damage because 
of rough handling during the process of 
placing windings on the core for testing in 
an amplifier. 

When large numbers of turns are required 
for amplifier operation, the distributed 
intrawinding capacitance can have an 
appreciable effect on amplifier performance. 
This effect is usually apparent as a change 
in both amplifier gain and bias requirement, 
and can, of course, lead to very poor 
correlation with core tester predictions. 
Often it is quite difficult to know when the 
distributed winding capacitances are having 
an appreciable effect on amplifier charac¬ 
teristics, and the variations in the dis¬ 
tributed capacitance from core to core can 
completely mask any correlation with core 
tester measurements. 

Finally, when these sources of discrepancy 
are eliminated, it is still found that an 
occasional core will show a poor correlation. 
It is possible to find two cores at a given 
test frequency, with almost identical core 
test characteristics, yet which exhibit quite 
different characteristics when operated 
in an amplifier. The cause has been found 
to lie in the different shapes of the wave 
forms of induced voltage during the reset 
period. Since the core tester is sensitive 
to the integral of induced voltage during 
the reset period, it cannot detect slight 
variations in the wave form of this voltage. 
An added bit of information necessary to 
detect wave form variations for the purposes 
of accurate core grading and matching can 
be obtained by either observing the reset 
induced voltage wave form with an oscillo¬ 
scope, or by making tests at two or more 
frequencies. 


A Symbolic Method for Synthesis 
of 2-Terminal Switching Circuits 


D. ZEHEB 

ASSOCIATE MEMBER AIEE 


W. P. CAyWOOD 

ASSOCIATE MEMBER AIEE 


T HE problem of synthesizing minimal 
switching circuits that satisfy any 
preassigned input condition is one that 
has of late received considerable atten¬ 
tion. Analysis to date has tended to be 
dependent principally on methods derived 
from Boolean algebra. While such mathe¬ 
matics are not new, their development, 
especially as is applicable to the combina¬ 
tional switching problem, has not been 
comparable to the more familiar algebra 
of real numbers. 


The engineer faced with the problem of 
designing a specific switching circuit has a 
set of conditions which the circuit is de¬ 
sired to fulfill. These conditions are 
easily translated from their verbal form 
into Boolean algebraic expressions. The 
next step is to simplify these expressions 
until they clearly indicate the most 
economical circuit for each specific case. 
Although the basic rules for the manipula¬ 
tion of Boolean algebraic expressions are 
quite simple, the method of arriving at the - 


most economical circuit is not necessarily 
obvious. The difficulty seems to be that 
the designer has no immediate way of 
knowing which theorem of those available 
to use and knowing to which of the ex¬ 
pressions to apply it next. 

A step forward in the solution of this 
increasingly pressing problem has been 
made by Dr. Karnaugh in developing his 
map method. 1 However, the map method 
suffers from a very severe limitation in 
that it requires an n-dimensional param¬ 
eter (an area or a volume, for example) 

Paper 54-394, recommended by the AIEE Basic 
Sciences Committee and approved by the AIEE 
Committee on Technical Operations for presenta¬ 
tion at the AIEE Fall General Meeting, Chicago, 
Ill., October 11-15, 1954. Manuscript submitted 
June 8, 1954; made available for printing August 
19, 1954. 
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Fig. 1. Representing a circuit as three parallel paths 


Fig. 2. Simplified form of circuit represented in Fig. 1 


for representation of all of the possible 
combinations. Practicability limits the 
representation to six elements on a 3-di¬ 
mensional map. 

In contrast, in the presently described 
method the combinations are represented 
by “chains” of symbols, resulting in no 
limitations on the complexity of the case 
treated. Further, the steps in the present 
method are explicitly defined in advance 
within certain choices, and a pursuance of 
these steps will lead to a final circuit, in¬ 
cluding the use of transfer contacts when 
desirable. 

The Symbolic Method 

Description and Symbols 

This method uses three types of con¬ 
tacts: make, break, and transfer con¬ 
tacts. A make contact is denoted by a 
letter with a connection on each side, 
—A —, a break contact by a primed letter 
which has a connection on each side, 
—A '—, and a transfer by a letter with a 
dash on top, one connection on one side 
and two connections on the other, —At 
or ,A —. The upper connection is the 
make contact and the lower one is the 
break contact. 

In all Boolean algebraic expressions in 
this paper, multiplication stands for the 
logician’s “and” (intersection) and addi¬ 
tion for the logician's “or” (union). An 
arrangement of the elements which pro¬ 
vides a closed path between input and 
output is called a term. The sum of such 
terms of a given problem is called an input 
condition. 

For example, if it is required that a path 
be closed between input and output when 
relay A is operated and B and C are re¬ 
leased, or when B and C are operated and 
A released, the input condition is given by 
two terms 

f(x)=AB'C'+A'BC 

It is assumed here that a make contact 
closes when its relay is energized and a 
break when the relay is not energized. 


The conventional methods of designing 
the corresponding circuit are two: in¬ 
spection and formal methods . 2 

1. Designing by inspection means in this 
case representing the circuit as three 
parallel paths, Fig. 1, and searching by in¬ 
spection for contacts that can be combined. 
D is obviously such a contact. 

2. In the case of designing by formal 
methods, Boolean algebraic rules are applied 
to f(x) to get a simplified form. As is 
described in the preceding section, there 
remains the problem of which rule to apply 
where. 

In the symbolic method the design 
procedure is started by looking for ele¬ 
ments common to all terms. D is such an 
element, so D is written in its symbolic 
form 


—D — 

Next, since there are no more common 
elements, any one of the rest can be 
chosen, e.g. A. Since A appears as both a 
make and a break, it can be written as a 
transfer contact 


•D — A' 


There is but one term with A (un¬ 
primed) in the example. This term is 
written at the make connection of A 


— D—A 


B' — C— 


Of the remaining terms, with A r , one 
has a B and the other a B' so a transfer 
is again used for B 


—D —A 


■B r — C’- 




The remainder of the terms are com¬ 
pleted and the following is obtained. 



This stage of the symbolic diagram will 
be called a developed tree stage. 


Since a 2 -terminal network is being 
described, the end connections of the tree 
all go to a common point, namely the 
output terminal. So the following step 
is to close the branches of the tree, work¬ 
ing from the output terminal backwards. 
Noticing that C appears both as a make 
and a break, a transfer is used for C and 
the make of £ is connected to the break 
and B and the break of £ to the make of 
B and to B’ 

In this simple example it is not neces¬ 
sary to go any further. It is now a matter 
of inspection to design the corresponding 
circuit; Fig. 2. By starting the design 
procedure from a different relay a similar 
circuit could be arrived at with an inter¬ 
change of relays, but with the same 
number of contacts; see Fig. 3. 

As a further illustration of the method, 
a problem presented in reference 2 will be 
solved. The statement: “Eight relays 
are divided into two equal groups A and 
B of four relays each. The relays of 
group A are designated {A]) (A 2 ) (^ 3 ) 
(^ 4 4 ) while those of group B are designated 
(£ 1 ) (Bf) (B 3 ) (B 4 ). Design a contact net¬ 
work to light a lamp when the designa¬ 
tion number of an operated relay in group 
A is greater than the designation number 
of an operated relay in group B. The 
lamp should light only when one and only 
one relay in each group is operated.” 

The Solution 

First the verbal problem is translated 
into a Boolean algebraic form 

=A i 'A i Az'A i , B 1 B 2 'B 3 , B i '+ 

A 1 'A 2 'A 3 A i , B l B t 'B 3 'B i '+ 

Ai'A i 'AMBfB i B i , B i , + 

A l , A i , A 3 , A i B t B i , B 3 , B 4 , + 

A l , A i , A 3 , A i B 1 , B 2 B 3 , B t '+ 

Ai'At'AMtBx'Bi'BzBS 

In looking for common elements it can be 
seen that Af and 5/ are such. 

The developed tree stage is 


Procedure 

The method may best be illustrated by 
means of examples. Suppose an input 
condition is given by 

/(*) =AB’C’D+A 'BC7D+A'B'CD 


Fig. 3. Alternative 
simplified form of 
circuit represented 
in Fig. 1 
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Ai"5. B*§. A2 Aa§. Bi*§ Bz'g. B3§ 



Fig- 4. Circuit to light a lamp when designation number of operated relay in group A is greater 
than the designation number of operated relay in group B 



The corresponding circuit is given by 
Fig. 4. 

The “Don’t-Care” Terms 

So far cases have been considered where 
the input condition is rigid. That is, a 
path between input and output should be 
closed for given conditions and should not 
be closed for any other possible combina¬ 
tion of the variables. In practice, how¬ 
ever, somewhat more relaxed require¬ 
ments are often encountered, i. e., a path 
should be closed for some terms and 
should not be closed for others, and may 
or may not be closed for the remaining 
combinations. The terms for which the 
path may or may not be closed are called 
don’t-care terms. 

In cases where don’t-care terras exist 
there arises a problem as to which of those 


terms to assume as corresponding to a 
closed path and which to an open path, so 
as to get the most simplified circuit. The 
symbolic method described in this paper 
is capable of advantageously using such 
don’t-care terms. The procedure is as 
follows: 

First the don’t-care terms are disre¬ 
garded and the input condition is de¬ 
veloped as before until it is in its final 
stage. Next the don’t-care terms are 
considered and they are developed as if 
they were the input condition (to result 
in closed paths). The two diagrams are 
then inspected for paths that are similar 
in all elements but one. Such an element 
can be eliminated in the considered path. 
A path in the don’t-care diagram can be 
used as many times as is advantageous. 
Also, an element absent in any of the 
don’t care paths can be assumed to be in¬ 


cluded as if either the element or its prime 
were present. 

The procedure including don’t-care 
conditions is now illustrated by an ex¬ 
ample. An input condition is given by 

/(#) -A 'BC , D , +ABC'D'+AB , C , D+ 

A'B'CD 

The following don’t-care terms also ap¬ 
ply 

AB'CD'+A 'BCD'+ABCD'+A ’BCD+ 

ABCD+AB'CD 

As previously explained, f(x) is first 
developed 



The two B contacts are slid until they 
reach a common point. This is permis¬ 
sible, as can be shown by the commuta¬ 
tive law of Boolean algebra. The don't- 
care terms are now considered. 



Equations l and 2 will now be inspected 
for paths that are similar except for one 
element. For clarity this is done step by 
step as follows: 

In equation 1 there is a path 

terminal— C'—B—D '—terminal 
and in equation 2 

terminal —A —(B)-— C — (D ')—terminal 
and 


terminal — A' — B — C — (D') —terminal 
which is equivalent to a path 



Fig. 5. Simplified circuit after using don’t-care terms Fig. 6. Circuit of Fig. 5 without use of don’t-care terms 
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terminal— B — C — D '—terminal 


so C in this path can be eliminated. 
There now results 





D — 


(3) 


In equation 3 is a path 
terminal— A' — B' — C — D —terminal 


and in equation 2 

terminal— A' — B — C — (D )—terminal 

so B in this path can be eliminated. 
Then 



i- B -/ 

A path in equation 4 is 
terminal —A — C' — B' — D —terminal 


and in equation 2 

terminal— A — C —( B') —(D)-—■terminal 

C in this path can be eliminated. 
Now 



A path in equation 5 is 


terminal— A' — C — D —terminal 

and in equation 2 

terminal— A — C —(D)—terminal 


A can be eliminated in this path. 
Then 



The simplified circuit is given in Fig. 5. 
It is of interest to compare this circuit to 
that obtained from equation 1 (i.e., with¬ 
out using the don’t-care terms); this is 
shown in Fig. 6. There is a saving of four 
contact springs. 

Conclusion 

The steps involved in designing a cir¬ 
cuit according to the symbolic method are 
simple and straightforward. They are 
here summarized: 

Step. 1. Translation of the problem from 
its verbal form into Boolean algebraic ex¬ 
pressions. 

Step 2. Looking for elements common to 
all terms. (This step is not a necessity 
since these elements will combine later any¬ 
way.) 

Step 3. Developing a tree starting from 
one of the terminals. 

Step 4. Closing the tree backwards from 
the other terminal. 


Step 5. Developing the don’t-care terms in 
the same manner. 

Step 6. Comparing the diagrams obtained 
in steps 4 and 5 and simplifying as much as 
possible. 

Step 7. Designing the actual circuit from 
the last obtained diagram. Steps 5 and 6 
apply only in the case where don’t-care 
terms exist. 

The method described in this paper i s 
not claimed to lead always and at first 
try to the circuit with the least number 
of elements, nor is it claimed that the 
method leads to a unique solution. How¬ 
ever, as has been pointed out elsewhere, 1 
the most economical circuit is not always 
the one with the least number of elements. 
In fact the criterion for "most economical 
circuit" involves many factors besides the 
number of elements. It is therefore im¬ 
portant for the designer to possess a 
method which will enable him to find a 
number of equivalent circuits which are 
near minimal from which to pick the best 
one. It is hoped that the method de¬ 
scribed in this paper is of help in this re¬ 
spect. 
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Harmonic Analysis for Nonlinear 
Characteristics 
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Synopsis: Harmonic analysis may be 
carried out for nonlinear devices by the 
use of a set of polynomial functions applied 
■directly to the nonlinear characteristic 
instead of by the more conventional use 
•of trigonometric functions. Higher ac¬ 
curacy may sometimes be achieved in point- 
by-point calculations. A special method 
•of representation shows how the form 
■of the nonlinear characteristic affects its 
response. A method is presented for using 
measurements of amplitudes to obtain 
•analytical expressions for the nonlinear 
function. 

T HE application of a nonlinear device 
such as a vacuum tube, an iron-cored 
inductance, or a nonlinear resistor fre¬ 
quently requires that a harmonic analysis 
be made to determine the frequency 

January 1955 


components in the output for a periodic 
driving function.. While the basis of 
such an analysis in terms of a Fourier 
series is well understood, 1 such an 
analysis is usually expressed in the time 
domain. It may not be immediately 
apparent how the form of the nonlinear 
characteristic affects the amplitude of 
the frequency components. It is the 
purpose of this discussion to present a 
method for making a frequency analysis 
directly from the nonlinear characteristic. 
It will then be possible to consider how 
the shape of the characteristic affects 
the response, and also how measurements 
of the response can be used to obtain an 
analytical expression for the nonlinear 
characteristic. 


Representation of Characteristics 

Fig. 1 shows a relatively simple case 
typical of a number of applications. The 
nonlinear characteristic f(x) might rep¬ 
resent, for example, the plate current 
of a vacuum tube in which the grid signal 
x is varying sinusoidally with time. The 
current variation is a function of time 
(hereafter expressed as an angular 
variable 0) which is periodic but non- 
sinusoidal. 

A nonlinear function may be repre¬ 
sented in a variety of ways, depending on 
the requirements. A familiar form is 
the Taylor series 

f(x ) .. -b<biX n • • • 

( 1 ) 

where the coefficients are related to the 
value of the function and its derivatives 
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Fig. 1. Example of input and response for 
nonlinear characteristic 

at a point. For the series in. equation 1 

ir* ,, i 

an -»iU » f(x) J*-« 

and the expression may be considered 
as an “expansion about a point.” The 
form of representation is restricted to 
analytic functions, and may in certain 
cases involve an infinite number of terms. 

Another means of representation is in 
terms of a polynomial. Thus 

/(as) *co+Ci*+C2* 2 4-. ..( 2 ) 

where n is now finite. This could be a 
Taylor series if the representation is 
exact; as an approximation to a physical 
phenomenon, one might use the first 
n terms of the Taylor series, that is, by 
using c n ~a n . More probably, in utiliz- 
ing a polynomial as an approximation, 
the coefficients c n would be adjusted to 
provide the “best” fit, in accordance 
with an appropriate criterion. This is a 
process of curve fitting. One possible 
criterion is that the coefficients be 
selected so as to establish coincidence 
between the actual characteristic and the 
approximating function at a finite number 
of selected points. The representation 


would then be an “expansion in a finite 
number of points.” 

The harmonic analysis of the output 
for a nonlinear system requires a repre¬ 
sentation by a Fourier series. Thus, for 
the illustrative case in Fig. 1, let 

/(») =the function whose representation is 
to be determined 
r=sin 6 

=the specific variation required by the 
analysis (although other variations 
would be possible) 
g(0) =/(sin 6) 

“the function whose frequency com¬ 
ponents are required 

Using the trigonometric form of the 
Fourier series: 

An 

i(0) ==—+S[^4 n cos (n0)+B n sin («0)]~^(3) 


i r* 

fn™ - I g(0) cos (wB)de 

**/ — 7T 

i r* 

?n = - I g(0) sin (nO)dO 


The Fourier expansion constitutes an 
expansion over an interval, and utilizes 
information on all parts of the charac¬ 
teristic; it is not restricted to analytic 
functions. 

The relation between the coefficients 
A n and B n of g(0) and the coefficients of 
/(#) depend on the nature of f(x) and 
also on the way the coefficients of f(x) 
are to be specified. 

Determining the Fundamental 

Coefficient in the X Do main 

As indicated by equation, 3 the Fourier 
coefficients may be evaluated in the 
6 domain. Partly to illustrate the 
general relationship and also to utilize 
the characteristic of f(x) without having 
to specify its form, the coefficient for 


the fundamental frequency term will 
be expressed in terms of x. 

The following substitutions will be 
evident from Fig. 2. Starting from 
equation 3 


1 


g(8) sin Odd 


The integration may be replaced by 

-Bi = lim \(6i) sin 0<A0< 

A6—H) irJLmJ 

From the given variation 
«=sin 8 ( 4 ), 

it follows that 
sin Oi=Xi 
and that 

g(8i) =/(sin 9 t ) =f(x t ) 

It is evident from equation 4 that 
uniform increments A0* do not corre¬ 
spond to uniform increments Ax t . The 
relation between increments (neglecting 
higher-order terms) is 


d,. 

= s (sm 


in -1 *)~1 l 


- UXi 

Vl-Xi* 

Therefore 

hr (5> 

The factor 2 appears in the last 
expression, since summation is over 
only a half-cycle. For a graphical 
interpretation, equation 5 may be re¬ 
placed by 
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Table I. Use of Equation 6 Illustrated 


X 

Xi 

f(xi) 

Vl-x» s 

F(xi) 

-1.0 





-0.8 

-0.9 

-2.79 

0.4359 

5.760 

-0.6 

-0.7 

-2.31 

0.7141 

2.264 

-0.4 

-0.5 

-1.75 

0.8660 

1.010 

-0.2 

-0.3 

-1.11 

0.9539 

0.340 

0 

-0.1 

-0.39 

0.9949 

0.039 

0.2 

0.1 

0.41 

0.9949 

0.041 

0.4 

0.3 

1.29 

0.9539 

0.416 

0.6 

0.5 

2.25 

0.8660 

1.299 

0.8 

0.7 

3.29 

0.7141 

3.225 

1.0 

0.9 

4.41 

0.4359 

9.105 

Total 




23.508 

■Bi F(xi)Axi. 




= -(23.508) (0.2) =» 

2.9931. 




Illustration by a Numerical 
Evaluation 

To illustrate the use of equation 6 
;a calculation is shown in Table I, based 
on the function shown in Fig. 3. For 
this example, a specific function 

f(x)=4x+x* (8) 

is used in order that an exact answer 
will be available for comparison. Ten 
“equal intervals have been chosen for 
■calculating an approximate value for 
Bx. The result obtained is 2.993. When 
the relation 

jc =*sin 0 



Fig. 3. Modified characteristic lor evaluation 
of fundamental component 


f(x)= a 4x+x 2 

F(x)_f(*>r-F==- 
VI -X* 


is substituted in equation 8 there results 

g(d) =1/2+4 sin 0-(l/2) sin 26 (9) 

and, dearly, the correct value for Bx is 
4.0. The approximate value from Table 
I is seen to differ considerably from the 
true value. However, the reason for 
the discrepancy is not hard to discover. 
It is noted the Fi(x) approaches infinity 
at the two extremes, x= ±1; hence, the 
areas under the curve in these neighbor¬ 
hoods are particularly significant, and 
the relatively coarse subdivision of the 
abscissa has not adequately emphasized 
these intervals. 

As a means of improving the calcula¬ 
tion, it is first observed that the function 
Fi(x) approaches infinity near the limits, 
not because of f(x), which remains finite, 
but because of the factor V1 —x 2 , which 
is in the denominator. This suggests 
that equation 6 may be written as 


2 C~ a 

2 C a 


f(x) - _dx-\- 

Vl—W 2 


(x)dx+ 


vT^ (10) 

Furthermore, if (1—a) is small, the first 
and third integrals will not be altered 
greatly when the variable values of f(x) 
are replaced by constant values, selected 
from values in these end intervals. Thus 

2 f-° x 
0 - I dx-\- 

-1 Vi-** 

2 r a 2 r 1 x 

-I FiMdx+fih) - - -dx 

V J -a w Ja Vl—** 

2 _ 2 C a 

" — /(£i) ~ ,\/l —a*+ - I Fi{x)dx-{- 

T -a 

2 -- 

/(fc) Vl—o 2 (11) 

7T 

where & and £ 2 are in the end intervals. 
Utilizing equation 11, an improved value 
for Bx is obtained for the example of 



Fig. 4. Optimum co-ordinate in end interval 
a <£<1, applicable to fundamental component 

Fig. 3. First, the middle integral is 
evaluated using the values in Table I in 
the range — 0.8<as<+0.8. Added to 
this are the values for the first and third 
terms, for a =0.8 and for the values of 
fix) taken at the mid-points of the end 
intervals, that is, at £i= — 0.9 and £ 2 = 
+0.9. The improved value for Bx is 
3.850, which is considerably closer than 
the previous calculation. 

The use of a value for fix) selected 
from an end interval assures, in the 
example, that the calculation for that 
interval will be bounded, since f{x) is 
bounded and, in fact, these bounds could 
be calculated. However, it is evident 
that the best choice for £1 and £2 is not at 
the mid-points of the end intervals, 
since the integrands in equation 10 are 
increasing toward ±1. There are, in 
fact, particular values for £1 and £2 which 
will make the first and third terms exact. 
If, now, it be assumed that the slope of 
fix) is essentially constant in the end 
intervals, then it is possible to determine 
the best choice for £1 and £ 2 . The relation 
is derived in Appendix I, and is given by 

_ _ . \ a , lfx/ 2 — sin“ 1 a'll 

vt =?' Jr (12) 

This, of course, depends on the width of 
the end intervals. The relation is shown 
in Fig. 4. For the example of Fig. 3, 
with a= 0.8 and £= ±0.936, the improved 
calculation gives Bx =3.954, an error of 
only 1.05 per cent. 


Table II. Characteristic Functions, Equations 13 


4m = COB ( n6 ) 


4>n=Bin (n 0) 


0.1 

1 .. y/l — x * (see *). x 

2 .1 — 2x* .2 x\Zl—x* (see *) 

3 . (,l—4x*)\/l—x* (see*). 3x — 4x* 

4 ..1—8**+8» 4 ....(4* — 8x*) -v/l—** (see *) 

5. .(1—12#*+16*4) Vl-*» (see *).5*-20**+16#« 

6. ..1 —18#*+48 4 -S2#‘.(6#-32#»+32#») Vl-#* (see *) 

7..(1 -24#*+80#«-04#») V'l-** (see *). lx- 56#*+112**-64#* 

8...1 — 32#*+160# 4 —266#*+128#*.(8#-80#*+192#*-128#») vT^#* (see *) 

* For/(#) double-valued, use starred functions for/ jj(#); unstarred functions for/^(#). For/(#) single- 
valued, use unstarred functions. 


January 1955 


Lewis—Harmonic Analysis for Nonlinear Characteristics 





















1 1 

t ♦o'a 







Fig. 5. Characteristic functions for sinusoidal inputs 


This calculation emphasizes the im¬ 
portance of the end intervals. The 
relatively coarse subdivision of the 
abscissa in the middle range is not par¬ 
ticularly important; perhaps the use of 
a planimeter would suffice in this range 
for reasonable accuracy. 

It is important to note that for a 
numerical point solution, such as is 
followed here, the accuracy is inherently 
higher than in a point solution obtained 
in the 6 domain with the same number 
of points and with equal intervals A d. 
This is so because of the weighting factor 
applied to values of f(x) in converting to 
equal intervals of Ax. Those values of 
f(x) near the extremes, which are most 
important in determining the funda¬ 
mental component, are given increased 
emphasis in the summations. 

Higher Harmonics 

The generalization of equations 5 and 
6 for the other coefficients in equation 3 
follows directly from the basic equations. 
These may be expressed in the general 
forms 

. 2 f 1 1 

■An**- I f(x)<pn(x) ' - dx 

—l Vl— x g 

1 (U) 

Equations 13 contain a set of functio ns , 
<f>n(%) and \// n (x) arising from transforming 
cos (nd) and sin (nd) to the * domain. 
These functions are closely related to 
the Tschebyscheff polynomials and are 
derived as shown in Appendix II; 
examples are given in Table II. Some 


of the functions of Table II are illustrated 
in Fig. 5. 

The procedure already used in evaluat¬ 
ing the fundamental component can be 
adapted to any one of the coefficients. 
Caution may be required in the end 
intervals, since the special results of 
equations 10, 11, and 12 and Fig. 4 are 
based on *pi(x) and apply only to the 
fundamental component. However, the 
general method is applicable and involves 
no impossible integrations; another pre¬ 
caution which may be necessary is 
mentioned in the next section. 

It is dear from the procedure presented 
that each frequency coeffident is deter¬ 
mined independently of all the others, 
so that the accuracy does not depend on 
the number of harmonics included, as in 
some methods used for distortion analy¬ 
sis. 2 

Single-Valued and Double-Valued 
Functions of X 

The discussion of the foregoing example 
tadtly assumes that fix) is a single¬ 
valued function, that is, that f(x) takes 
on the same values for x increasing and 
for x decreasing. Such a condition leads 
to spedal symmetry properties for g(d); 
when the origin is taken, as in Fig. 2, the 
values for A n are zero for n odd, and the 
values for B n are zero for n even. The 
coeffitients of equation 13 are expressed 
as being proportional to twice the integral 
over a half-cycle. Actually the values of 
4>» for n odd and \f/ n for n even should 
be taken with opposite signs for x 
increasing and for * decreasing, which 
leads to zero value for these coeffidents. 


Knowing this in advance, one may 
merely ignore these terms; an asterisk 
has been shown with those functions in 
Table II which are not to be used when 
f(x) is single-valued. 

The case of a double-valued function,, 
such as might arise in a hysteresis curve, 
represents a different situation. Here 
each half-cyde could be calculated sep¬ 
arately and the results added. However, 
an alternate procedure is suggested. 
This is illustrated by Fig. 6. Let 

fi(x) —fix) for x increasing 
fz(x) =/(*) for x decreasing 
and let two new functions be defined 


/*(*) =^[/i(») +Mx)] 

fB(*)=l\fi(x)-Mx)] 

so that 

Mx) **f A (x)+f B ( x) 
Mx) =>f A (x) -f B (x) 


(14} 


(15} 


The function f A (x) is single-valued and 
its coeffidents can be determined as 
previously described; the result will' 
involve A n for n odd and B n for n even. 

The function f B (x) is combined in 
equation 15 with f A (x) by a positive 
sign for x increasing and by a negative 
sign for x decreasing. Related to the 
function f B (x) is a function g B (d) which 1 
has symmetry about 0=0, and which has. 
coeffidents A n only for n even and B n . 
only for n odd. One may evaluate the 
integrals for the half-cyde with x increas¬ 
ing and multiply by 2, again ignoring 
those functions whose coeffidents are 
zero. Thus the complete result is ob¬ 
tained using the functions of Table II. 
those with an asterisk are used for f B (x} 
and those without an asterisk for f A (x)~ 
Equation 13 holds in all cases. 


Series Expansion for f(x) 

The functions in Table II as a group 
have a significance beyond that involved 
for evaluation of particular coeffidents. 
In the d domain, the functions cos (nd) 
and sin (nd) constitute a closed set of 
orthogonal functions. The functions 
4> n (x) and \fs n (x) are their corresponding 
counterparts in the x domain (for the 
particular variation #=sin d). It follows 
that f(x) can be representeed by a combi¬ 
nation of these functions, each one being 
multiplied by the corresponding coeffi¬ 
dent of the Fourier expansion. Thus 

f(x) = —* \<t>o I + ^ ^ [A n <i>n(x) +B n \// n (x) J 

( 16 } 
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In other words f(x) can be thought of as 
a superposition of curves of the form 
shown in Fig. 5. 

As an example, the particular function 
in equation 8 (which contains only a 
finite number of terms) can be written 
in an alternate form 

f(x) =4x+x 2 

=^[\]+B,{x}+A t [l-2x 2 ] (17) 

The particular values, Ao= 1, Bi=4, and 
Ai—— (1/2), are determined by equating 
coefficients. This is depicted in Fig. 7, 
with f(x) shown as the sum of three of 
the functions from Table II. 

For an example of a double-valued 
function, Fig. 6 may be considered as a 
hysteresis loop plotted with the co¬ 
ordinate axes reversed from the usual 
form (the abscissa represents the flux 
and the ordinate the magnetomotive 


the single-valued function f A (x) is essen¬ 
tially a combination of fa and — fa; 
that is, the current contains fundamental 
and pronounced third-harmonic sine 
components. On the other hand, f B (x) 
is very similar in shape to <j>i*, which 
indicates a fundamental cosine term. 
Thus the loop of the magnetization curve 
mainly contributes a shift to the funda¬ 
mental component without affecting 
greatly the phase of the third-harmonic 
term. 

The special significance of equation 16 
lies in its relation to equation 2 which 
was the general form of a polynomial 
approximation for f(x). It will be 
observed that there is a linear relationship 
between the coefficients in equations 2 
and 16. Furthermore the coefficient of 
the highest degree term in x of equation 2 
is related solely to the coefficient of the 
highest frequency component. One series 
can be converted to the other by equat¬ 
ing coefficients of like powers. 

The availability of the functions fa 


(and measurements of phase if the func¬ 
tion is double-valued). Substitution 'di¬ 
rectly in equation 16 and rearrangement 
gives the values c n , which provides thie 
best fit in the sense that the mean 
square error in the 6 domain is a minimum 
for the particular input function here 
considered. This is a property of the 
Fourier series. 8 

The second application is essentially 
the converse, the determination of the 
frequency components when f(x) is 
specified as a polynomial. This is 
accomplished merely by comparing coeffi¬ 
cients, beginning with the highest order 
terms. (This is shown in the example of 
equation 17.) The process involves only 
elementary operations and avoids in¬ 
volved trigonometric substitutions. 

Extension to Inputs of Arbitrary 
Amplitudes 

The special restriction in the pre¬ 
ceding discussion to inputs of unit 



Fig. 6. A—A double-valued characteristic. B—Resolution into com¬ 
ponent functions 


Fig. 7. A nonlinear characteristic represented as a sum of charac¬ 
teristic functions 
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amplitude may be removed with little 
difficulty. A more general variation is 
expressed by 

x-aco sin 8 ( 18 ) 

Thus far, xq has been assumed equal to 1. 
By rewriting equation 18 as 

(x/*o) =sin 8 

which amounts to normalizing the scale 
of the abscissa, it is noted tha t the new 
variable (x/xo) now has the amplitude of 
unity. Thus, new functions <t> tt (x/xo) 
and $ n (x/x 0 ) can be written merely by 
replacing x with the new variable (x/xo). 
An example will illustrate the relations. 
Thus, for 

/(x) =4*+x 2 
let 

x=2 sin 8 
Then 

” 8 (*.) +4 fe)' 

"f [11+S fe]+' 4 { I - 2 (^)’] 

A comparison of coefficients yields 
Ai*= -2 Bi—8 A 0 =4 

for the new amplitudes. 

Nonsinusoidal Inputs 

Thus far the input function considered 
has been a single sine wave, for which 
the functions 4> n and constitute an 
orthogonal set in the 6 domain. If the 
input is of a different type, there are a 
set of functions P n and Q n which are 
orthogonal in terms of this new variable; 
it is precisely the coefficients of these 
functions which are sought in a harmonic 
analysis. 

It will now be shown that <f>„ and \f/ n 
can still be used effectively under certain 
circumstances when the input consists of 
a sum of sinusoidal components. Con¬ 
sider, as before, the nonlinear charac¬ 
teristic 

/(*) «4x-fx 2 (i 9 ) 

and let 

x=sin fl+sin 3d 

By a change of variable 

y«**sind 

the variation of 8 can now be represented 


by My)- Correspondingly sin 3 6 is 
represented by My)- Thus the variable 
x may be written as 

*- [y] + [$y—4y*\ -4y-4y* 

By making this substitution in equation 
19 

Ky) =/(4y-ty 3 ) 

=4 [4 y —4y 8 ] + [4y—4y *] a 
= 16y+16y 2 -16y*-32y 4 +16y> 

This new function h(y) may now be 
represented as a superposition of <f> n (y) 
and \]/ n (y) exactly analogous to Equation 
(16). The results are 

A 0 “2.0 
^2 =“0.5 

^ 4 »- 1.0 
^6“-0.5 
Bj-4.0 
B 3 « 4.0 

In one sense, the change of variable 
has resulted in what amounts to a new 
equivalent characteristic. That is, the 
original characteristic /(x) with an input 
containing two sinusoids has been re¬ 
placed by a second characteristic h(y) 
which with a single sinusoidal input 
(y=sin 8) results in the same frequency 
components. 

It is not difficult to show that this 
process can be carried out in the reverse 
sequence; that is, with the frequency 
components known and the form of the 
input specified, the equation of the 
original characteristic may be found. 
However, the phase relations of the fre¬ 
quency components in the driving func¬ 
tion are very important. Extensions 
may be made for cases where the input 
components are not of unit amplitude 
nor of equal magnitude. 

An Application to a Differential 
Equation 

Perhaps one of the most intriguing 
possibilities for use of these functions is 
in certain nonlinear differential equations. 
For example, Van der Pol’s equation may 
be written as 


f + f 


For the case where n is small, it may 
be desired to approximate x as a single 
sinusoid 

x=xo sin t 

Substitution in the differential equation 
gives zero on the left-hand side for 
any Xo. The solution will hold for the 
fundamental and to the order of ju for 
higher terms, if the right-hand side 


contains no fundamental component. 
Rewriting the right-hand side as 

{-?]+©-¥(;)'] 

= JB 1 -+B 3 r3--4f-V]l 

l *o L *o WJ| 

it follows that 


*■1 . _ 

Xo=BiH-3B 5 
so that 

n *o s 

Bi=Xo—- 

4 

4 

Thus, for Bi to be equal to zero, xo=2, 
the value for the limit cycle, which com¬ 
pares to the value obtained by other 
methods. 4 

General Conclusions 

Unlike linear systems, the nonlinear 
system affords little basis for generaliza¬ 
tion. However, the use of polyn omial 
expressions directs attention primarily 
at the form of the nonlinear characteristic 
and at the same time replaces trigono¬ 
metric manipulations by simpler algebraic 
operations. The general point of view 
may find application in studies of modula¬ 
tion and nonlinear distortion. 


Appendix I 

For evaluation of the integral 


it is established by the mean value theorem* 
that for /(x) continuous, there exists a 
value of £ in the interval a<£< 1, such that 


G(a) =/(£) 


X'vfc' 


It is here required to determine £ for the 
case where/(x) has a constant slope in the 
interval a<x< 1, that is, with/(x) expressed 
by 

f(x) =f(a)+k(x-a) (22) 

Substituting equation 22 in equation 20, 
and integrating 

G(a) = £/(a) — V 1 —o 2 -f 

![f— (23) 
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Putting *=£ in equation 22 and sub¬ 
stituting in equation 21, there is obtained 

G(a) = [ f(a ) -ka]Vl-a*+ki;Vl-a* (24) 

Equating the two expressions and solving 
for £ 


a l[" ir/2— sin -1 a 1 


(25) 


Appendix II. Functions of 
Equations 13 

For the variation 

x=sin 6 (26) 

the following functions are defined 

4m(x) — cos (nO) =cos (» sin -1 x) (27) 

0«(x) =sin (nO) =sin (» sin -1 x) (28) 

From the definitions 

00 = 1 
01 =X 


From the trigonometric identity 

sin* (nO) + cos 2 (#0) = 1 (29) 

it follows that 

0i=cos 0=\/l — sin 2 6=\/l —x u 

From the identities 

2 sin 0 sin #0= —cos (#+1)0+ 

cos (n—l)9 (30) 

2 sin 0 cos #0 = sin («+l)0— 

sin(n —1)0 (31) 

there may be established the recursion 
equations 

2x0 w “ — 0»+1 +0n-i (32) 

2x<j>n = *Pn+ i—ipn-i (33) 

Thus from equation 32 
=*<!»a~2xipi = 1 —2x 2 
Using equation 29 

rh = Vi- 02 2 - V 1 —(1 — 2x 2 ) 2 - 2*\/l-* 2 
All the other functions can be obtained 


using equations 32 and 33, and the functions 
thus far derived. 

The functions <f> n and 0« are related to 
the Tschebyscheff polynomials® of the first 
and second kind, defined in a similar way 
but in terms of the variation # = cos 0. 
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Discussion 

Thomas M. Stout (P. O. Box 550, Ridge¬ 
field, Conn.): The author presents a 
method of harmonic analysis which is radi¬ 
cally different from the methods generally 
employed. In addition to the suggested 
applications to nonlinear differential equa¬ 
tions, modulation, and distortion, it should 
be useful for the calculation of "describing 
functions” employed in non-linear feedback 
system analysis. 1 

Extensive calculations with the proposed 
method will be facilitated by a tabulation 
of nume rical values for <f> n (x), 0»(x) and 
VI —x 2 , and the preparation of standard 
forms for the various harmonics, as in 
Table I. This preliminary work would 
have been simplified if the standard 
Tschebyscheff polynomials had been used, 
since tabulated values of these functions 
are available 2 ; however, because the 
interrelations are simply 

4>n(x) =(—1 ) np T n (x), when w=0, 2, 4, 6... 

(»-0 

~(-l) 2 Unix), 

when # = 1, 3, 5, 7.(34) 

(»+ 2 ) 

^a(*)=(-l) 2 £/«(r),when# = 0, 2, 4, 6... 

(»-0 

=(-l) 2 T n (x), when 

# = 1,3, 5,7... (35) 

this difficulty can be handled with a little 
care in the use of the tables. There may 
be good reasons for choosing «f>n(x) and 
\pn(x) in this particular way, which are 
not discussed in the paper. 

It may be well to emphasize again that 
the relations given in equations 10 through 
12 apply only to 0i(x) and the fundamental 
component. Anyone interested in other 
components must develop similar relations 


for them. As a start in this direction, the 
contribution of the end intervals in the 
calculation of the d-c component can be 
approximated by 

~; /a,) [l“ sin ~ la + 

-/(&) J- sin -1 a I (36) 

ir \_2 J 

where & and £2 are computed from 

Vl -o ! 

f-7 ; (37) 

- — sin -1 a 
2 

Strangely enough, these values differ only 
slightly from those given in Fig. 4, suggest¬ 
ing that a single curve might serve for both 
the d-c and fundamental components. 
It would be interesting to determine 
whether the same relation applies for the 
higher harmonics. 

The accuracy of the proposed method 
will also bear further investigation. Al¬ 
though the proposed method is capable of 
arbitrary accuracy, it requires more work 
than the simple 3- and 5-point equations 8 
used in distortion analysis for comparable 
accuracy. For example, calculations were 
carried out for the case 

y = 0 x<0.5 

=x-0.5 *>0.5 (38) 

where 

*=sin 0 (39) 

giving the series 4 

y -0.1090 4-0.1955 sin 0 4-... (40) 

With the 3-point equations, the series is 

ySO. 1250 +0.2500 sin 0+... (41) 

and, with the five-point equations, the series 
is 


y=0.1143 +0.1982 sin 0+... (42) 

By means of the technique described in the 
paper, using an interval of 0.2 and appro¬ 
priate mean values in the end intervals, 
gives for the series 

y=0.1063+0.1915 sin 0+... (43) 

The amplitudes of equation 10 are about 
as accurate as those of equation 9, but 
considerably less computation is required 
to obtain equation 9. 

On the basis of this and other examples, 
it appears that the proposed method can 
be used most profitably to find the higher 
harmonics in cases where the characteristic 
curve is highly nonlinear. As the author 
points out, the various components are 
determined independently and, if the 
necessary preliminary work had been done 
in advance, could be computed with roughly 
the same amount of effort as is required 
to find the fundamental component. 

Although numerical results can be ob¬ 
tained by the proposed method, its real 
significance probably lies in the insights 
which it promotes. The importance of the 
extreme values of f(x) and the effects of a 
double-valued characteristic curve are 
readily visualized by this approach. 

In this provocative paper the author has 
opened a vein which will be mined exten¬ 
sively by future investigators. Further 
work on the reverse process of finding the 
characteristic curve by harmonic measure¬ 
ments and the case of nonsinusoidal inputs 
would be particularly welcome. 
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Laurel J. Lewis: The author wishes to 
thank Dr. Stout for discussing a number 
of significant points which, because of 
space limitations, could be only briefly 
mentioned in the paper. 

The relation of the polynomial functions 
and to the Tschebyscheff polynomials 
stated by Dr. Stout is alluded to in Appendix 
II. It will be noted that the unstarred 
functions in Table II, except for a matter 
of sign, are the polynomials T n , while 
those which are starred, except for a matter 
of sign, are U n . It was only after serious 
reflection that the author decided on the 
merits of a definition not in the standard 
form. It will be noted from Fig. 5 that 
the functions <f> n are all even functions 
having the value unity at *=zero; con¬ 
versely the functions \f/ n are odd functions, 
each with a positive slope at the origin. 
This method of segregating the polynomials 
is particularly helpful to one considering 
the contribution of a particular function 
to the shape of a nonlinear characteristic 
f(x). The fact that all the functions have 
either the same initial value, or positive 
slopes, is of considerable assistance in 
obtaining the correct sign associated with 
a particular harmonic; the Tschebyscheff 
polynomials are not uniform in this respect. 
Of course, one already thoroughly familiar 
with Tschebyscheff polynomials would 
have little difficulty using them directly, 
with appropriate modification in the pro¬ 
cedure. 


That the values from equation 37 and 
equation 12 are similar for large a is partly 
due to similarity in values of certain trigo¬ 
nometric functions for small arguments. 
The values, however, are not identical. 
To calculate to four significant figures as 
in Dr. Stout’s example would require 
calculation from the equation instead of use 
of a curve such as that in Fig. 4. Equations 
for the other cases are not available, but 
the relations required are contained in the 
following two equations 

J ’* xdx 

f(x)<t> n (.x) —== 

« Vi -* 2 

n d X 

=/(?«) J Ux) (44) 

where 



The question of accuracy is very difficult 
to assess. Caution must be exercised lest 
the one example given for comparison with 
the 3-point and 5-point equations be in¬ 
terpreted as a generalization. As a matter 
of interest, by a different choice for the end 
interval in this example, the amount of 
computation could have been considerably 
reduced and, furthermore, the answer 


would have been exactly correct. For 
this example, the nonlinear characteristic 
has a constant slope for *>0.5. Thus, by 
using an interval A*<=0.5, and a—0.5, 
the entire computation involves the end 
interval only. Using Dr. Stout’s equations 
36 and 37 for the d-c term, and equations 
10 and 11 for the fundamental, the exact 
values are obtained. In fact, this tech¬ 
nique was specifically devised to eliminate 
the errors in the end intervals in those 
cases where the characteristic can be 
approximated by a straight line near the 
limits. It is clear that the end interval 
should be selected to include the full portion 
of the characteristic in which the slope is 
essentially constant. 

The 3-point equations are approximations 
based on the assumption that the output 
response contains no harmonics higher 
than the second; the 5-point method as¬ 
sumes no terms higher than the fourth. 
For cases where these assumptions obviously 
do not hold, a serious doubt immediately 
arises as to how accurate will be the result 
from these simple formulas, even for the 
d-c and fundamental terms. The method 
employed in the paper makes no such 
assumptions, and therefore its validity is 
not in doubt; the use of more points 
results in a closer approximation. The 
increased computation required in using 
many points for a complicated characteristic 
is the price required to solve a more diffi¬ 
cult problem. 


Analysis of Magnetic Amplifiers by the 
Use of Difference Equations 


P. R. JOHANNESSEN 

ASSOCIATE MEMBER AIEE 


T HIS paper explains and illustrates a 
new wav of analyzing magnetic am¬ 
plifiers through the use of difference equa¬ 
tions, and it shows that this method of 
analysis leads to a different view of the 
mechanics of operation of the magnetic 
amplifier. It will be shown that all mag¬ 
netic amplifiers operate upon the same 
basic principles, and that these basic prin¬ 
ciples are demonstrated by the operation 
of the half-wave, half-cycle-response mag¬ 
netic amplifier, as is shown in Fig. 1. 
Furthermore, this circuit can be consid¬ 
ered the building-block of all magnetic 
amplifiers. 

It will be shown that the rectifiers im¬ 
prove the performance of the amplifier not 
by causing feedback, but by increasing the 
input impedance. As a result the term 
“feedback,” commonly used in the mag¬ 
netic amplifier literature, and generally 
associated with the action of the rectifiers, 
is found to be inconsistent with the actual 


behavior of the magnetic amplifier. The 
term “feedback" in the magnetic amplifier 
has therefore been redefined, and this new 
definition of feedback is also consistent 
with already accepted terminology in the 
electronic amplifier field, as well as in the 
feedback control field. 

It is often believed that the time con¬ 
stant of the magnetic amplifier is caused 
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by the inductance of the saturable reac¬ 
tors. This is incorrect, and it will be 
shown that the main factor giving rise to a 
time constant is the inherent time delay in 
the method of control. 

Approximation of the B-H Curve 

The operation of the magnetic ampli¬ 
fier is based on the nonlinear character¬ 
istic of the B-H curve, or more speci¬ 
fically the saturation property of the core 
materials. To analyze the magnetic 
amplifier, this nonlinearity must be taken 
into account one way or another. There 
are two basically different approaches to 
this problem One is to approximate the 
B-H curve by analytic expressions, for in¬ 
stance a power series of the form 1 - 2 

H=ax+(hB+asB*+ . .. ( 1 ) 

Thus, the inductance of the saturable re¬ 
actor will be a nonlinear function of the 
current through it. With present-day 
core materials the transition from an un¬ 
saturated state to a saturated one is ex¬ 
tremely sharp (see Fig. 3), and to repre¬ 
sent the B-H curve with a reasonable de¬ 
gree of accuracy (10 per cent), terms to 
the 15th power or even higher must be 
taken into account in equation 1. This 
method leads to complicated nonlinear 
differential equations, and from an engi- 
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Nomenclature 


a=ratio of the reset resistance to the 
rectifier leakage resistance referred 
to the control circuit 
ci, ai =»known constants 
c(»)= ratio of volt-time areas, defined in 
Fig. 2 

A *■volt-time area 
B - magnetic flux density 
ei, fin, e r =instantaneous reactor voltage 
e c =instantaneous control voltage 
c/=instantaneous feedback voltage 
eg®instantaneous supply voltage 
e x = instantaneous rectifier reverse voltage 
fiout 1=1 instantaneous output voltage 
E —average voltages, averaged over a 
half-cycle of the supply voltage. 
The same subscripts as for instan¬ 
taneous voltages are used 
/^frequency of supply voltage, cycles per 
second 

G(s)~ transfer function 
Ii =magnetic intensity 
i —instantaneous current 
iam — magnetizing current corresponding to 
the reactor loop width referred to 
the output winding 


feedback voltage gain 
Kp “form factor 
K P “power gain 
K v “forward voltage gain 
M =turns-ratio of “feedback winding” to 
control winding 

n— 1 ,», m+1 “three consecutive half-cycles 
of the supply voltage 
N — tums-ratio of output winding to control 
winding 

Rc ^resistance of control circuit 
Rl “resistance of load 
R w “resistance of output winding 
R x “leakage resistance of rectifier 
s = complex frequency variable 
J/=time of firing 
Z[ n “input impedance 
Zm, “magnetizing impedance 
a = angle of supply voltage when reactor 
current is equal to igm 
A 4> “change in flux 
^/“firing angle 
<t> q = quiescent firing angle 
T=time constant 

<a == frequency of supply voltage, radians per 
second 


neering standpoint these equations are 
unsolvable. 

The other method is to approximate the 
B-H curve by piecewise linear segments, 
Fig. 4. In the past, a transfer function 
of the magnetic amplifier of the form 


was usually assumed, and K and r 
are calculated by a step-by-step pro¬ 
cedure. By applying this method it has 
been possible to obtain useful expressions 
for the gain and the time constant in 
agreement with results obtained in the 
laboratory. 8-6 

To simplify the analysis, the approxi¬ 
mation of Fig. 4 will be considered in this 
report. On the basis of this approxima¬ 
tion, the transfer function of the mag¬ 
netic amplifier will be derived by the use 
of difference equations. 

Method of Attack 


function of the input has no meaning. The 
operation of the magnetic amplifier, how¬ 
ever, can be fully described by expressing 
the average output voltage in terms of the 
average input voltage. This section de¬ 
scribes in general terms the procedure that 
will be followed in deriving this relation¬ 
ship, and it also shows that this relation¬ 
ship must be in the form of a difference 
equation. 

A magnetic amplifier circuit may con¬ 
sist of one or more saturable reactors. 
Fundamentally, the operation of each re¬ 
actor can be divided into two periods, the 
period when the reactor is unsaturated 
and the period when it is saturated. Out¬ 
put may occur in either of these two 
periods, depending upon what type of cir¬ 
cuit is used. Over a given period the 
flux swing is proportional to the volt¬ 
time integral applied to the reactor, 
which again is proportional to the average 
reactor voltage. During any one unsatu¬ 
rated period which begins and ends with 



Fig. 2. Definition of the quantity a(n) 


saturation, the total change in the flux 
must be zero; hence the average reactor 
voltage during this period is zero. This 
voltage is a function of the control voltage 
and the output voltage, and by writing it 
in terms of average values and equating it 
to zero, the equation that determines the 
dynamic and static behavior on an aver¬ 
age basis has been found. This equation 
will express the average output voltage as 
a function of the average input voltage 
during an arbitrary period of operation. 
Thus, the determining equation must be 
in a difference form. 

A variety of magnetic amplifier circuits 
with resistive load have been analyzed by 
following the foregoing procedure. The 
simplicity of analysis will be demon¬ 
strated by considering some typical cir¬ 
cuits. 

Series-Connected Saturable Reactor 

General Considerations 

The series-connected saturable reactor 
is shown in Fig. 5. The supply voltage e, 
is a constant sinusoidal voltage of fre¬ 
quency «, and in order to simplify the 
analysis the control voltage e c is assumed 
to be a full-wave rectified sinusoidal volt¬ 
age of the same frequency as e ,. Further¬ 
more, only the case when both reactors are 
unsaturated for zero control voltage, usu¬ 
ally termed normal or under-excitation, 
will be considered. 

When the reactors are unsaturated, the 
impedances of both the control circuit and 
the output circuit are infinitely large (the 
magnetizing current is assumed neg- 


The magnetic amplifier is an average 
proportional amplifier. As such, the in¬ 
stantaneous variation of the output as a 



e s 
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Fig. 4. Approximation of the B-H curve 




CONTROL CIRCUIT j OUTPUT CIRCUIT 
Fig. 5. The series-connected saturable reactor 

ligible). Thus no currents will flow in the 
circuits. If any one of the reactors 
saturates, the load current i L will be 

, e s ±Ne c 

N'Rt+Rt, (3) 

The polarity of the control voltage re¬ 
flected into the output circuit depends 
upon the winding polarities of the unsat¬ 
urated reactor. 

If the polarities during the nth half¬ 
cycle are as shown in Fig. 5, the voltage 
applied to reactor II is larger than the 
voltage applied to reactor I. During the 
next half-cycle the supply voltage will re¬ 
verse polarity while the polarity of e e re¬ 
mains the same. As a result, the voltage 
applied to reactor I during the (ra-f l)th 
half-cycle is larger than the voltage ap¬ 
plied during the rath half-cycle. Let it be 
assumed that at the end of the (ra-l)th 
half-cycle, reactor I is in a saturated con¬ 
dition. Then, in order to satisfy the con¬ 
dition that the average voltage applied to 
the reactor between two successive satu¬ 
rated periods must be zero, reactor I will 
saturate by the end of the (ra+l)th half¬ 
cycle. Similarly, it can be seen that re¬ 
actor II saturates during the rath, (ra+2)th 
half-cycles, etc. Because of symmetry 
the equations that determine the opera¬ 
tion of the reactors are identical; there¬ 


fore, it is necessary to consider only re¬ 
actor I. 

Derivation of the Determining 
Equation 

The equation that determines the oper¬ 
ation of the magnetic amplifier on an 
average basis will now be derived by 
equating the average reactor voltage dur¬ 
ing an arbitrary unsaturated period (as 
described in the section “Method of At¬ 
tack”) to zero. 

In Fig. 6(A) is shown the volt-time area 
across reactor I during the nth and the 
(ra-fl)th half-cycles. During the unsatu¬ 
rated part of the rath half-cycle the re¬ 
actor voltage is 

ei =^(e»-Ne e ) ( 4 ) 

In the period from 2' to 2, reactor II is 
saturated, and the voltage across reactor 
I can be determined from the equivalent 
circuit shown in Fig. 7. The load current 
becomes 

. e s +Ne e 

tL ~N*R e +R L (5) 


and the reactor voltage 
_ n . N*R 0 e t -R L Ne e 


During the (ra-f-l)th half-cycle, the volt¬ 
age across reactor I, from 2 to 3' in Fig. 
6 (B), is 

ei =^(e a +Ne e ) (7) 

To simplify the analysis, let a(ra) be the 
ratio of the volt-time area of e s during the 
saturated period to the total volt-time 
area of e g in the rath half-cycle. This is 
illustrated in Fig. 2. By the use of this 
quantity the average values of the re¬ 
actor voltages, as shown in Fig. 6, can be 
written 

a(B) >*,+* (8 > 

£[(»+1)»(1 - a(»+ 1 ))j(.E i +WE,(b)) 


In these equations E s and E c are averaged 
over a half-cycle. During the unsaturated 
period Ex must be zero; hence 

Ei(»)*Ei(«+1) (10) 

The average output voltage can be writ¬ 
ten in terms of a(ra) as 


<*») -—— ——— — ^ - (12) 

By combining equations 8, 9, 10, and 12, 
and simplifying, the deter mining equa¬ 
tion is obtained 


•Eout(nH-l) = 


Rl~N*R, 

R l +N*R, 


(£ c (n+l)+E c (n)) + 


■Eout(ra) (13) 


It is interesting that the average output 
voltage during a given half-cyde is a func¬ 
tion not only of the input voltage, but 
also of the average output voltage occur¬ 
ring during the previous half-cycle. The 
latter dependency will be defined as feed¬ 
back. The reason for this definition of 
feedback will become more apparent in 


iV^\ 


^.REACTOR D SATURATES 
\ REACTOR I SATURATES 


(n+i)th 



Fig. 6. A—Volt-time areas across reactor. 
B—Flux changes corresponding to the volt¬ 
time areas of A 




•Eout(ra) =o(») 


WRc+Rl 


■( E t +NE 6 (n » (11) 


Fig. 7. Equivalent circuit of the series- 
connected saturable reactor when reactor 11 
is saturated 
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the following analysis, and is discussed in 
more detail in the section “Self-Saturated 
Magnetic Amplifier Circuits.” 

Equation 13 clearly shows that the time 
constant and the gain do not depend upon 
the inductance of the control circuit or 
the output circuit. The gain and time 
constant of the series-connected saturable 
reactor, however, as well as for any other 
magnetic amplifier, can be fully explained 
by associating it with the phenomenon 
called feedback. 

Transfer Function 

The transfer function is obtained by 
taking the Laplace transform of equation 
13 as follows 


JSout(5) — 


N*R c +R l 


(1+e »*)E e (s)+ 


Rl~N 2 Rc s , s f AS 

£+a5£‘ "■ E "“ W (W) 


, £o»t (S) N>Rc+R l K T 

G(s, -&w = (15> 

Stability Criteria 

Equation 15 can be written in the 
form 


Kf \6 «_ K t 2 _ 

. _ 

1 -KaKfxe » 1 -Ki&pfi « 


Kn CB K V i= 


NR l r , 

•_ . _ B il|» 

(17) 

N^Rc^Rl 

Rl-N'Rc „ 

' NRl ’ 

(18) 


K n ^K^ 


This equation is represented by the block 
diagram of Fig. 8, which clearly shows 
that the amplifier is unstable if either one 
(or both) of the two parallel transmissions 
are unstable. The complex plane plot of 
the open-loop transfer function is simply a 
circle with center at the origin, as shown 
in Fig. 9. Thus, from the Nyquist sta¬ 
bility criteria, 7 the amplifier is stable 
only if the feedback loop gains K v iK/i and 
KfiKfi satisfy the inequality 

-l<KvK f <+l (19) 

The feedback loop gain of the series- 

connected saturable reactor (see equation 

16) was found to be 

R l -N*Rc (20) 

J5 ‘ 9 *‘ /am Rt,+N*IU 

Hence, it follows that the amplifier is un¬ 
stable only when 

N i R e =0 or N*R C -+ <=° (21) 


The Determining Equation in 
Differential Form 

To compare the performance of the 
magnetic amplifier with that of an elec¬ 
tronic amplifier, it is convenient to write 
the determining equation in terms of a 
continuous variable. This can be done by 
writing it in a differential form. 

A difference equation can be approxi¬ 
mated by a differential equation, pro¬ 
vided the samplin g frequency (equivalent 
to the frequency of the supply voltage) is 
high compared to the frequency com¬ 
ponents of the input signal. As far as the 
magnetic amplifier is concerned, this con¬ 
dition is, in general, satisfied, and it is 
therefore legitimate to write the deter¬ 
mining equation in a differential form. 

By substituting 

Eout(»+l) = (Eout(M + l) — Eout(»))+ 

£out(») (22) 

E e (n+l)=(E 0 (n+l)-E e (n))+E e (n) (23) 

in equation 13, and dividing it by x/«, 
the following expression is obtained 

£out(»+l)-Eout(») , w 2N i R e t, / \ 

-‘-O , RT4D ~ 

it x Ri,-\-N*Rc 


NR l / E c (n+1)-E e (n) | 2a, ' 

N'Rc+RA x + t. 


The corresponding differential equation 
is 

d _ <o 2N*Rc _ .. 


NR l 

N*Rc+R l 


d 2oj 1 

-E c (t)+—Ec(t) (25) 

_dt v J 


at x 


K v jE c (t)+—E&) (25) 

jit x 


Time Constants 

By taking the Laplace transform of 
equation 25, an approximate transfer 
function is obtained as 


jgout(*) _ 2JSTg 2o) 

‘ E e (s ) = l-KvK f x 

a 

1-K^Kf 


C + 1 





Fig. 8. Block diagram of the series-connected 
saturable reactor 
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Fig. 9. Complex plane plot of the function 

€ -(»/«)s f or s=3 j u 


From this equation the time constants 
will be defined as 


These equations show that the series- 
connected saturable reactor is charac¬ 
terized by two time constants. In pre¬ 
vious analyses of the series-connected 
saturable reactor the assumption has been 
made that it is characterized by a single 
time constant only, and the time constant 
is defined as the: time required for the step 
response to reach 63.3 per cent of its final 
value. As seen from equation 26, this as¬ 
sumption is valid only if 

n»n (29) 

therefore 

R l ->N*Rc 

When this condition is satisfied, the 
transfer function (equation 26) can be 
written 

G ^^NRe x R l ~ (30) 

—*-j+1 

2* N'Re 

This is the transfer function derived by 
Storm,* and, as he points out, it is valid 
only when the condition of inequality 29 
is satisfied. 

Power Gain 

The power gain has been defined as the 
ratio of the output power to the corre- 
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Fig. 10. The series-connected saturable 
reactor with external feedback 


sponding input power.® The output power 
is 

„ CEout) 2 , 

(Kir)* (31) 

where K P is the form factor. It has pre¬ 
viously been shown that the control cur¬ 
rent flows only during the output period 
and is equal to NI L , Thus, the input and 
output form factors are identical, and the 
input power can be written 

E c (K f )* (32) 

The power gain becomes 

v ^ ou * 1 -Eout Rl 
P ~ Pi n ~N~E^ S= Nm e (33) 

As seen from equation 33, the power gain 
is proportional to the steady-state voltage 
gain. 

Figure of Merit 

The figure of merit is defined as the 
ratio of the power gain to the time con¬ 
stant r-i, thus 

Kp Rj, 2<o 

(34) 

It should be noted that the figure of merit 
is analogous to the gain-bandwidth 
product of the electronic amplifier. 

Series-Connected Saturable 
Reactor with External Feedback 

General Considerations 

To improve the performance of the 
series-connected saturable reactor, a feed¬ 
back circuit, as shown in Fig. 10, is 
added. The load current is rectified by a 
full-wave bridge and fed back through 
two additional feedback windings. The 
terms “external feedback,” “feedbackcir¬ 
cuit,” and “feedback windings” are the 
existing terminology in connection with 
this type of circuit. However, they are 


not consistent with the definition of feed¬ 
back in the section “Series-Connected 
Saturable Reactor.” 

In the preceding analysis it was shown 
that the operation of the series-connected 
saturable reactor is based on feedback 
caused by the coupling between the two 
reactors. By varying R e , the amount of 
feedback can be adjusted at will so as to 
obtain any desired gain. This, of course, 
will result in a corresponding change in 
the time constant, which is an inherent 
property of feedback circuits. There¬ 
fore, the improvement in the performance 
by adding the bridge circuit of Fig. 10 
cannot be a result of additional feedback, 
but is caused by the switching action of 
the rectifiers. 

Derivation of the Determining 

Equation 

With perfect rectifiers (infinite l eaka ge 
impedance and zero forward impedance) 
and ideal reactors, it can be shown that 
the voltages across the reactors when un¬ 
saturated are undetermined. However, 
with very large but finite magnetizing re¬ 
actance, a small but negligible magnetiz¬ 
ing current will flow, as shown in Fig. 10, 
and the reactor voltages are determined 
uniquely. The current in the windings 
must follow the relations 

ii = Nit—Mi s (35) 

*i = —Nit—Mi 3 (36) 

Hence 


The 2-valued characteristic of the recti¬ 
fiers makes it necessary to assume the 
polarity of the rectifier bridge voltage be¬ 
fore proceeding to determine the reactor 
voltages. The polarity of e x as shown in 
Fig. 10 will be assumed. The current i s , 
therefore, must be zero. The voltage e x 
(the rectifier bridge voltage) is determined 
by the equations 

Ne x =M(en—ei) ( 38 ) 

Ne^e n—ei (39) 

Ne a = (N-{-M')en-j-(N— M)e: (40) 

These equations may be solved as 


ei = -( e s -(.N+M) e c ) 


en = -(e t +(N—M)e c ) 


ex**Me 0 (43) 

Thus, the polarity of the bridge voltage 
is as shown in Fig. 10, and consequently 
the current % is zero. The voltages given 
by equations 41 and 42 are therefore the 


reactor voltages when the reactors are tiff- 
saturated. As seen from these equations, 
reactor II will saturate by the end of the 
half-cycle, and during this saturated 
period the voltage across reactor I can be 
found from the equivalent circuit shown 
in Fig. 11. 

e N 

Rl+(N—M)*R c W 

The factor a(n) becomes 


__ -gout(tt) __ 

Rl+(N-M) 2 R c ( E *+( N ~ M )Ec(n)) 

(45) 

Because of symmetry the voltage 
across reactor I during the next half-cycle 
is given by equation 42. 

From these equations the effect of the 
rectifier bridge circuit on the operation of 
the series-connected saturable reactor is 
apparent. The switching action of the 
rectifiers materially decreases the tums- 
ratio of the control winding to the output 
winding during the gating period by the 
factor N/ ( N-M ). Consequently the con¬ 
trol current is reduced by the same factor. 
When M approaches N, the assumptions 
of negligible magnetizing current and in¬ 
finite rectifier leakage impedance are no 
longer valid, because for this condition the 
part of the control current caused by these 
factors will be of the same order of mag- 


: M 

nfFW 



Fig. 11. Equivalent circuit of the series- 
connected saturable reactor with external 
feedback when reactor II is saturated 





Fig. 12. Steady-state transfer characteristic 
of the series-connected saturable reactor 
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nitude as the reflected load current (A T — 
M)i L . However, if the voltage across R c 
which is attributable to the magnetizing 
current and the rectifier leakage current 
is small compared to e c , the foregoing 
equations are still valid. It is only when 
calculating the power gain that these fac¬ 
tors are of importance. 

By following the same procedure as in 
the section, “Series-Connected Saturable 
Reactor,” the difference equation is found 
to be 

«N+ M)E c {n)+ (A- M )E e (n +1 ))+ 
Rl -( N *-M*)R c „ 


R L +(N-M)*R e 


£oot.(n) (46) 


When N is equal to M, equation 46 re¬ 
duces to 

JSout(»+l)=2A£ 6 («)+£„ ut (») (47) 

The feedback loop gain is unity and the 
amplifier is unstable. 

Transfer Function 

By taking the Laplace transform of 
equation 46 and approximating e~ G/<*)s 
by the first two terms in a Taylor series 
expansion (this is equivalent to the pro¬ 
cedure followed in the preceding section), 
the approximate transfer function ob¬ 
tained is 

G(-y)=——-X 

k, (N-M)R c 


M\ 

2»V NJ S 


t/ N-M R l \ +1 
2w\ N + N(N-M)R e ) 

With reference to Fig. 8, the loop gains 
can be written 

( N+M)R L 
vl RjMN-myr c 

_iN-M)R^ 
v R L +(N-M)*R C 


K„K f = 


R L -(N*-M*)R C 

R L +(N-M)'R e 


When N is equal to M the transfer func¬ 
tion reduces to 

G(s)S*2N- - (52) 

x S 

As seen from this equation, for this condi¬ 
tion (N—M) the circuit behaves like a 
perfect integrator. 

Power Gain and Figure of Merit 

If the magnetizing and the rectifier 
leakage currents are neglected, the power 
gain becomes 


* N-M )fS N ~ ME ' 

Ri 


(N-M)*Rc v 

and the figure of merit is 

K P N _ Rl _2u 

r 2 ~N-MR l +(N-M)*Rc x ' ' 

Transfer Characteristic for 

Negative Control Voltage 

The output of the series-connected sat¬ 
urable reactor without rectifiers is in¬ 
variant to changes in the polarity of the 
input signal. The steady-state transfer 
characteristic can therefore be represented 
by the curve shown in Fig. 12. Adding 
the rectifier bridge circuit destroys this 
symmetry. 

When the reactors are unsaturated, the 
voltage across the rectifier bridge is deter¬ 
mined by the control voltage c c . When 
the polarity of the control voltage is 
changed, a circulating current will flow 
in the forward direction of the rectifier, 
the feedback windings, and the load re¬ 
sistor. The reactor voltages become 


e, ’K e - + ; 


. NR l ' 
e * + R L +M*Rc C , 


2V R L +M'Rrj 

From these equations it can be seen that 
reactor I will saturate by the end of the 
half-cycle, and the turns-ratio between 
the output winding and the control wind¬ 
ing effectively increases by the factor 
(N-\-M)/N. (Compare this result with 
that arrived at for positive control voltage 
when reactor II becomes saturated.) The 
voltage across reactor II when reactor I 
saturates becomes 


eii — N- 


.( N-\- M)R e e s — Ri e c 
Rl+(N+M)*R c 


The factor a(n) is determined by 

*-0 = a ^ n) R L +( N+ M)*R C X 

(E,+( N+ M)E c (n ))+(1 -o(n)) X 

— M — — E c (n) (58) 
R L +M 2 R e 

By following the same procedure as that 
described in the section “Series-Con¬ 
nected Saturable Reactor,” the difference 
equation can be found. In this report, 
however, no attempt will be made to de¬ 
rive this equation mainly because of com¬ 
plexity resulting from the nonlinearity 
which is apparent from the foregoing 
equations. 



Rl 

(N-M)R C 


Fig. 13. Steady-state transfer characteristic 
of the series-connected saturable reactor with 
external feedback 


If N is close to M and the control re¬ 
sistance is large compared to the load re¬ 
sistance, an approximate expression for 
the steady-state voltage gain can easily 
be obtained and is 


Thus, the steady-state transfer charac¬ 
teristic of the series-connected saturable 
reactor with external feedback is of the 
form shown in Fig. 13. 

Self-Saturated Magnetic Amplifier 

Circuits 

The group of magnetic amplifiers with 
self-saturation, or autoself-excitation, con¬ 
sists of a variety of circuit configurations. 
A common property of these circuits is 
that the load current is completely iso¬ 
lated from the control circuit, as was 
found to be the case for the series-con¬ 
nected saturable reactor with external 
feedback when the tums-ratios of the out¬ 
put windings and feedback windings are 
equal, also termed “100-per-cent feed¬ 
back.” As a result, the effect of self-satu- 
ration has been called “100-per-cent inter¬ 
nal feedback.” 

An exact analysis of these types of cir¬ 
cuits is extremely difficult because of the 
inherent nonlinearities in the rectifier 
characteristic and in the magnetic prop¬ 
erties of the core materials, which are 
some of the most significant factors de¬ 
termining the performance. However, in 
spite of this, an idealized analysis can be 
justified because it will demonstrate the 
basic principles of operation. Also, the 
possibility of extending the use of dif¬ 
ference equations to include these non- 
linearities might prove feasible. 

Derivation of the Determining 

Equation 

The circuit to be analyzed is shown in 
Fig. 14, and is called the self-saturated 
parallel magnetic amplifier. The mag¬ 
netization curve is assumed to be ideal, as 
shown in Fig. 4, and the rectifier leakage 
is represented by a resistor R x . 
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R c l*N R„ 




In these equations it is assumed that R w 
and R l are small compared to R x and 
N*Rc, which in general is true. As a mat¬ 
ter of fact, this condition must be satis¬ 
fied in order to obtain good performance. 
By the end of the half-cycle reactor II 
will be saturated, and the voltage across 
reactor I becomes 

N*R e R„ r x 

ei= R x +N^ R L +R w es ~R x +WR c ec (61) 

and the factor a(n) is determined by the 
equation 

. . E»ut(«) 

HI 7 (e2) 

Ri+R„ 

By following the same procedure as in the 
section ‘ ‘Series-Connected Saturable Re¬ 
actor, the following difference equation 
is obtained 


Bout(n+l) 


Rl NR x 
~R l +Rv> Rx+N 2 R c 
N*R 0 R u \ 




R x +N*R e Rl+R„ 


^£ out (») (63) 



Fig. 15. Block diagram of the self-saturated 
parallel magnetic amplifier 


The forward transmission is 
K _ -Rl NR x 

v Rl+RwRx+N'Rc (<54) 

and the feedback transmission is 
^ 1 {Rl+Rw , N*R C \ 

K, ~N\~Rr + ~^) (a5) 

The approximate transfer function be- 




Fig. 14. The self-saturated parallel magnetic 
amplifier 

In this circuit the output winding re¬ 
sistance R w must be taken into account in 
the analysis. If the winding resistance is 
zero, the voltage across the unsaturated 
reactor during the gating period will be 
zero. This will result in an unstable con¬ 
dition, or a feedback loop gain of unity. 

When the reactors are unsaturated, the 
voltages are 

<«> 


ItwNRc 


»( 1 + 10 ( 1 + i%} 


Feedback and Input Impedance 

It has been shown that the transfer 
function of magnetic amplifiers can be 
divided into two parts: a forward trans¬ 
mission and a feedback transmission, as 
illustrated in Figs. 8 and 15. The for¬ 
ward transmission (see equations 17, 49, 
50, and 64) is equivalent to the voltage 
across the reactor caused by the control 
voltage and multiplied by the ratio 
Rl/ (Rl+R k ). It is well known that the 
forward transmission uniquely determines 
the gain-bandwidth product (the “gain” 
in this product refers to the voltage gain) 
of an amplifier, the amount of feedback is 
imm aterial. The figure of merit of mag¬ 
netic amplifiers has been defined as the 
ratio of the power-gain to the time con¬ 
stant. The time constant is inversely 
proportional to the bandwidth, and conse¬ 
quently the only difference between the 
gain-bandwidth product and the figure 
of merit for a magnetic amplifier is the 
different definitions of gain used. To dem¬ 
onstrate that the definition of feedback 
presented in this paper is consistent with 
already accepted terminology in the elec¬ 
tronic amplifier field, as well as in the 
feedback control field, it is desirable to 
show at this time that the gain-bandwidth 
product of the magnetic amplifier is in- 
varient with the amount of feedback. 

The gain-bandwidth product is propor¬ 
tional to the ratio of the voltage gain to 
the time constant. In Fig. 8 is shown a 
general block diagram which is valid for 
all magnetic amplifiers considered in this 
report. The general transfer function 
becomes 

G (s) -—+- m 

l~K vl Kfie~ uS 1-KnKfte “ 

but K viK/i—KtfsKft=K v Kf (see equations 
17,18, and 51). Thus 

G(s) =— U+K l i (68) 

e“ -K t K f 


By approximating e " , by the first two 
terms in a Taylor series expansion, an ap¬ 
proximate transfer function is obtained 


Krt+Kr* 


G(s)~ 


H-) 


1 +-s-K v K f 

to 

Kf» T 
■Kyl~\~Ktl2 Rol~\~Kvt to 


1 -K^ 


1 -KvK/ 


From equation 69 the voltage gain and 
the time constant are f ound to be 

K«+K n 

K ~T^kj£, P») 

T 

r "l -KvK r (71) 

and the ratio of the voltage gain to the 
time constant 


R Rvi-\-Rm 


-(R«+R*%f 


Equation 72 shows that the gain-band¬ 
width product of the magnetic amplifier is 
a function only of the forward gain and 
the frequency of the supply voltage. 

From the foregoing analysis the im¬ 
portance of the forward transmission is 
apparent. In the following analysis the 
forward gain will be written in terms of 
the input impedance, and it will be shown 
that the addition of the rectifiers increases 
the input impedance. This, in turn, al¬ 
lows a higher turns-ratio N and hence an 
increased forward gain. 

The forward voltage gain can be writ¬ 
ten in the form 

p* . t/ 2*ia. Rl 

* =N Rc+Zi*Rl+Ru, ' (73) 

For the three amplifiers analyzed, N' and 
the input impedance Z\ n are as follows: 

1. Series-connected saturable reactor 

2. Series-connected saturable reactor with 
external feedback 


Rvi: N'~N+M 
K vl : N'=N~M 


3. Self-saturated parallel magnetic ampli¬ 
fiers 


N'^N,Z^~R z 
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If the rectifier leakage impedance is 
taken into account in the analysis of the 
series-connected saturable reactor with 
external feedback, the input impedance 
becomes 

Jj^M) (M) 

1 n _L _ 

(N-M) 2 L N 2 2 

When N is equal to M equation 74 reduces 
to 

*- 5 it <W) 

Equation 74 shows that the addition 
of the rectifiers increases the input im¬ 
pedance. This can also be seen by com¬ 
paring the input impedance of the series- 
connected saturable reactor with the in¬ 
put impedance of the self-saturated paral¬ 
lel magnetic amplifier. 

For a given control source with a fixed 
internal impedance maximum voltage 
gain of the forward transmission is ob¬ 
tained when the impedance of the control 
source is matched to the input impedance 
of the magnetic amplifier (equivalent to 
maximum power transfer from control 
source to magnetic amplifier). Thus, in 
order to obtain maximum voltage gain of 
the forward transmission, or maximum 
gain-bandwidth product, the following 
condition must be satisfied 

(76) 

The condition represented by equation 
76 can be fulfilled by adjusting the tums- 
ratio N. Hence, if the input impedance is 
increased, the voltage gain of the for¬ 
ward transmission can be increased by 
adjusting the turns-ratio N so that equa¬ 
tion 76 is satisfied. 

The maximum value of the ratio of the 
voltage gain to the time constant for the 
three amplifiers analyzed becomes as fol¬ 
lows: 

1. Series-connected saturable reactor 


out/ E c _ 1-Rz.^ 

T max * Rc 


2. Series-connected saturable reactor with 
. external feedback when N= M 


•Eout/E, 


t/gc _ *1 Rx ^ 

T max i 22? e 


3. Self-saturated parallel magnetic ampli¬ 
fier 


Eout/Ec 


2}/E e 


Rl+RvT 


To demonstrate further the usefulness 
of the method of analysis presented, it 
will be shown in the following section that 
the forward transmission is identical to the 


transfer function of the basic magnetic 
amplifier shown in Fig. 1. 

Basic Magnetic Amplifier 

It was pointed out at the start of the 
paper that the basic magnetic amplifier 
shown in Fig. 1 is the fundamental cir¬ 
cuit, or the building-block of all magnetic 
amplifiers. This circuit will therefore be 
analyzed in more detail than the other cir¬ 
cuits. 

The basic magnetic amplifier circuit is 
divided into two parts: the control cir¬ 
cuit and the output circuit. The control 
circuit consists of the control element 
(the control voltage source e c , in series with 
a resistor JR e ) and the control winding of 
the saturable reactor. The output cir¬ 
cuit consists of a fixed sinusoidal varying 
voltage source e a , the output winding of 
the saturable reactor, a rectifier, and the 
load resistor Rz,. 

The operation of the basic magnetic am¬ 
plifier is characterized by three distinct 
modes of operation distributed in time. 
The first mode is called the control period; 
the second and third modes are called the 
output period. The output period is sub¬ 
divided into two parts, (corresponding to 
the second and the third modes), the un¬ 
saturated and the saturated period; the 
latter is also called the gating peroid. 

The control period is that part of the 
operating cycle during which the sum of 
the voltages in the output circuit is in such 
a direction as to tend to drive current in 
the reverse direction of the rectifier. The 
output period is that part of the operating 
cycle during which the sum of the volt¬ 
ages in the output circuit is in such a 
direction as to drive current in the for¬ 
ward direction of the rectifier. 

The impedances seen by the control 
element during the three modes of opera¬ 
tion are: 


First mode 


^, = 77.- 


Z m (R x +RL+Ru>) 


N 2 Z m +(Rx+RL+Ru,) 


Second mode 


Z\tkm — ~- 


1 Z m (Rz,-\-Rv )) 


* N 2 Z m +R L +R w 
Third mode 

Zin.=~rZ m saturated (82) 

N 2 

In these equations Z m is the magnetizing 
impedance of the reactor. 

To simplify the analysis the following 
assumptions are made: 

1. The voltage source e, is at every instant 
of time greater than the voltage across the 
saturable reactor. 


2. The load resistance and the output 
winding resistance are much smaller than 
the rectifier leakage impedance and the 
reflected control source impedance. 

3. The saturable reactor B-H curve is 
as shown in Fig. 4. The rectifier leakage 
impedance is represented by the resistance 

R*- 

Assumption 1 states that the control 
periods are the negative half-cycles, and 
the output periods are the positive half- 
cycles of the fixed voltage source e s . As¬ 
sumption 2 is consistent with the desired 
characteristics of the amplifier, as will be 
shown later. 

Mechanics of Operation of Basic 
Magnetic Amplifier 

First, the operation of the amplifier 
when the control voltage is equal to zero 
will be determined. As a starting point, 
the assumption will be made that at the 
end of the output period, or gating period, 
the reactor is saturated. The voltage ap¬ 
plied to the reactor during the control 
period is in such a direction as to de¬ 
crease the flux, and the amount of flux 
change is determined by the equation 

A<fo =Kjc ejiidt (83 ) 

where AT is a constant and the integra¬ 
tion is performed over the control period. 
The voltage applied to the reactor in the 
control period is 


WRc+Rx 


By substituting equations 84 and 85 in 
equation 83 

m 

N 2 R C +Rx « 

E s is the average value of the supply volt¬ 
age magnitude during a half-cycle. 

During the second mode of operation, 
the unsaturated part of the output period, 
the voltage applied to the reactor re¬ 
verses polarity. When the volt-time in¬ 
tegral applied to the reactor during the 
second mode of operation is equal to the 
volt-time integral applied during the first 
mode of operation (the control period), 
the reactor reaches saturation and the 
third mode of operation (the gating 
period), starts. The transition from the 
second to the third mode of operation is 
called the time of firing and is deter¬ 
mined by the equation 


WRc+Rx 


~~E S ~ =K (* e 
-Rx « J r 
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tf =time of firing 

ess — voltage across the reactor during the 
second mode of operation 

The voltage exs. can be written 
N 2 R e „ 

& R2 N*R e | -Rjf s ~^ ,peal{ sln (®®) 


s -cos -1 ( 1— 
« \ 


2 N*Rc ' 
N 2 R e +R Xj 


Fig. 16 shows the voltages across the re¬ 
actor during the three modes of opera¬ 
tion. The shaded volt-time areas in Fig. 
16 are proportional to the changes in 
flux. The time of firing tf is determined 
so that the two areas are equal. The time 
of firing can also be expressed in terms of 
the firing angle, defined as 


<#•/== cos -1 ^1 


2N 2 R C N 
'N 2 R C +R X . 


During the third mode of operation which 
is the gating period, the voltage e s appears 
across the load Rl and the resistance of 
the output winding R w . 

This analysis started with the assump¬ 
tion that the reactor was saturated at the 
end of the output period. It has been 
shown that this assumption is valid; 
hence, the next cycle of operation will be 
identical to the one just analyzed. A 
steady-state condition therefore exists. 

Now let a voltage e c be applied in the 
control circuit. During the control 
period, the voltage across the reactor at¬ 
tributed to the voltage e c is 

and the change in the flux caused by this 
voltage is 


V 

- k n^ ne ‘Z 


where Ef is the average control voltage 
during the control period. During the 
second mode of operation, the voltage ap¬ 
pearing across the reactor attributable 
to e c is 

A£s, "i (m) 

The change in the flux during the con¬ 
trol period must be matched by a change 
during the output period. Equation 93 
states that a voltage appearing in the 
control circuit during the output period 
does not cause any change in the voltage 
across the reactor, hence there is no 
change in the flux. A voltage appearing 
in the control circuit dining the output 
period can therefore be neglected, and the 
increase in the output volt-time integral 
attributable to e c is 

A f eoutdt= NtRe+R, R L +R w NEe 'l (94) 
This is shown graphically in Fig. 17, 
Voltage Gain 

Analogous to the electronic amplifier, 
the operating condition that exists when 
the control voltage is zero can be termed 
“the quiescent operating condition.’’ The 
output voltage is then defined as the 
voltage appearing across the load attrib¬ 
utable to the control voltage. It is dear 
from the nature of the magnetic am¬ 
plifier output that a proportionality con¬ 
stant has no meaning in regard to instan¬ 
taneous variations of the input, but a pro¬ 
portionality factor can be defined on an 
average basis. 

Because the average output voltage is a 
function only of the control voltage that 
exists during the control period, the aver¬ 
age control voltage is defined considering 
it to be zero during the output period. 
Thus, the relation between average out¬ 
put and input voltages can be written 
r> _ NR X Rl 

n 2 r c +r x r l +r V) Ec (9S) 

where E c is the average control voltage. 


The average voltage gain is 


E e N 2 R c -\-R x R l +R w 


For a given R x and R c , maximum voltage 
gain is obtained when 

N 2 R C —R X (97) 


giving 


N R l 
2 


1 fe 

~2\R C 


Rl~\~Rv> 


Transfer Function 


The average output voltage in the 
(n+l)th half-cyde is 

(M) 


W 7T TV TT 

n—~t, for * = 0,-, 2~, 3-, ... 

TV U CO CO 


By taking the Laplace transform of equa¬ 
tion 99 the transfer function of the am¬ 
plifier is obtained. 

J E c (s) N 2 R c +R x X 

<~l s =K v e~Z s ( 101 ) 

JXfff 

If the modulation frequency of the con¬ 
trol voltage is small compared to the car¬ 
rier frequency (the frequency of the sup¬ 
ply voltage), the difference equation 99 
can be approximated by the following 
differential equation 


, £out(f )~l“ --Eout(f) = —Kf>E c (t) (102) 

TC 1C 

The corresponding approximate transfer 
function is 


G(s) 9 =L- 


From equation 103 an effective time 
constant can be defined as 


V 

/''V 




Fig. 16 (left). Quies¬ 
cent volt-time areas 
in the basic magnetic 
amplifier 


w 


^J®OUt d t 


Fig. 17 (right). Volt¬ 
time areas in the basic 
magnetic amplifier 
caused by the control 
voltage 


— Ne c 
N Z R C +R X c 
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Fig. 18 (above). Reset voltage source in the control winding 


Fig. 1 9 (right). The basic magnetic amplifier with reset winding 



Methods of Setting the Quiescent 
Firing Angle 

Maximum voltage gain is obtained 
when the control source impedance R c is 
equal to the reflected input impedance 

R x . For this condition the quiescent 

firing angle is 

( 2N 2 R \ 

1- 2 degrees ( 105 ^ 

In many magnetic amplifier circuits a 
quiescent firing angle of 150 degrees or 
less will result in a large quiescent current 
exceeding the rating of both reactor wind¬ 
ings and rectifiers. It is therefore of im¬ 
portance to be able to adjust the quiescent 
firing angle without decreasing the per¬ 
formance. Two methods to achieve this 
desired characteristic are as follows: 

1. Reset the voltage source in the control 
circuit: One method of adjusting the 
quiescent firing angle is to connect a voltage 
source, usually called the reset voltage, 
in series with the control source, as shown 
in Fig. 18. It has previously been shown 
that the maximum voltage gain is a func¬ 
tion only of the load resistor Rl, the output 
winding resistance R m and the leakage 
impedance of the rectifier when considering 
an ideal reactor. This method therefore 
does not decrease the voltage gain. It is 
interesting to note the analogy between 
the bias voltage in the electronic amplifier 
and the reset voltage in the magnetic 
amplifier. 

2. Reset the winding: In Fig. 19 the use 
of a reset winding to adjust the quiescent 
firing angle is shown. The input imped¬ 
ance during the control period is 

n* Rx m* Rt 

Rin=- --— (106) 

T^-^x+T^L-^r 

N 2 M i 

For simplicity, let 

s*-s* (l07) 


Substituting equation 107 into equation 
106 gives 

(I08) 

To obtain maximum voltage gain the 
following equation must be satisfied 

Re aa 1 (109) 

1-fa N * 

and for this condition the voltage appear¬ 
ing across the gating winding when the 
control voltage is zero is 

A. 

"■“*1+?* (no) 

If a quiescent firing angle of 180 de¬ 
grees is desired, the voltage across the re¬ 
actor during the control period must be 
equal to the voltage across the reactor 
during the output period, giving 

e R \-e t (111) 

Under this condition 


2 ( 1 + 0 ) 

Therefore 

^=o+2 (113) 

M 

From equations 98 and 109, the volt¬ 
age gain is 

(A»)m n x 2 Rl+Rv> 


= -V—V 

2 If 1+a^f 


R x R l 
R c Rl^tRv! 



It is apparent that this method of reset 
will decrease the voltage gain. How¬ 
ever, by making a sufficiently large the 
decrease in voltage gain can be made neg¬ 
ligible. This necessitates a corresponding 
increase in the turns-ratio of the gating 
winding to the reset winding, as shown by 
equation 113. 

Effect of Rectangular Hysteresis 

Loop 

The incremental gain of the basic 
magnetic amplifier when a rectangular 
hysteresis loop is considered will now be 
derived. There are many other effects 
caused by a rectangular hysteresis loop, 
such as unblocking of the rectifiers during 
the control period, and limitation in the 
operating range. These effects, however, 
are not part of the analysis and are there¬ 
fore not discussed in this paper. 

By the use of Thevenin’s theorem, the 
circuits in Figs. 18 and 19 can be reduced 
to the circuit shown in Fig. 20. When a 
voltage source in series with the control 
source is used to obtain reset, the circuit 
parameters of Fig. 20 are 

N 2 R C R X _ (n 5 ) 

N*Rc+Rz 

e= - ^ —■-e 8 +——- N(e e +er ) (116) 

N*R C +R X N*R e +Rx 

If instead a reset winding is used then 


N*RcR x ' 

N*R C +R X ' 

(117) 

N*Rc , , R x 
e N*Rc+r/‘ + R x '+N*R c Nec 

(118) 

where 




/? ' ' M ' 

(119) 

(5W*- 



Fig. 20. Equivalent circuit of the basic 
magnetic amplifier 
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Ihe magnetic induction B is propor¬ 
tional to the volt-time area across the re¬ 
actor, and the magnetic field intensity is 
proportional to the current in the reactor 
windings. The relation between current 
and volt-time area for the reactor is there¬ 
fore similar to the relation between B and 
H. This relationship is shown in Fig. 
21(A). 

When —the following 


equations hold 


. e 

‘*-k 

(121) 

o 

II 

£ 

(122) 

When iR=iR m 


eR~e~Ri Rm 

(123) 

For simplicity, let 

6s ~ Aspeak sin cat 

(124) 

^“•^peak Sitl 

(125) 

e c = £ 0peak sin cat 

(126) 

6 ==z E peak sin (at 

(127) 


/ e R dt 




With reference to Fig. 21(B) the volt-time 
area across the reactor during the control 
period can be written 

E 

A — —-— [2 cos a — (ir — 2a) sin a] (128) 
« 

where 


Rilim 

-Speak 


(129) 


The average voltage across the reactor 
becomes 


Er^-E [2 cos a—(*■—2a) sin a] 


(130) 


where JS=average value of e over a half¬ 
cycle. By talcing the derivative of Er 
in equation 130 with respect to E c (the 
average control voltage over a half-cycle) 
and multiplying it by the factor R L /(R L -\- 
R w ) the incremental voltage gain will be 
obtained. 


dEout NR X * Rl 
~dEc ^Rx'+N'Ro R l +R w C ° S “ 

where 


(131) 


Fig. 21. A—Volt-time area at a function 
of current for core materials with rectangular 
hysteresis loop. B—The voltage across the 
reactor for rectangular hysteresis loop 


is zero the cos a term in equation 133 is 
unity and the two equations are identical. 
Thus, it has been shown that the for¬ 
ward transmission of the four amplifiers 
analyzed is of the same form. Further¬ 
more, for all self-saturated magnetic am¬ 
plifiers the forward transmission is iden¬ 
tical to the forward transmission of the 
basic magnetic amplifier. The only basic 
difference between these amplifiers is the 
presence of feedback. 

In the basic magnetic amplifier no feed¬ 
back is present. That this is true can also 
be seen intuitively because control and 
output occur in different half-cycles. 
Consequently, there can be no interaction 
between control and output, and no feed¬ 
back can exist. 

Basic Magnetic Amplifier as Building 

Block 


c< *"“V i ~(Ss)’ (u2) 

By recognizing that R' x in equation 132 
is equal to N 2 Z la , equation 131 can be 
written 


dEout _ _ Ziu Rl 

dE e ~ N Re+Ziu R l +R w C ° S “ 


(133) 


It is interesting to compare equation 
133 with equation 73. If the loop-width 


Multicore magnetic amplifiers of the 
self-saturating types can be constructed 
by coupling together two or more basic 
magnetic amplifiers. By adopting this 
viewpoint the analysis can be divided into 
two distinct parts: first, the operation of 
the basic magnetic amplifier; and second, 
the interaction between the basic mag¬ 
netic amplifiers resulting from this inter¬ 
connection. To demonstrate this method 
of analysis the self-saturated parallel mag¬ 


netic amplifier will be discussed. 

The self-saturated parallel magnetic 
amplifier, shown in Fig. 14, consists of 
two basic magnetic amplifiers. The con¬ 
trol circuits are connected in series and 
the output circuits are connected in paral¬ 
lel. Furthermore, these basic amplifiers 
gate during alternate half-cycles, and 
therefore the output of one amplifier can 
only effect the operation of the other dur¬ 
ing its control period, and vice versa. 

During a given half-cycle the average 
output voltage is a function of the control 
and the output voltage during the previ¬ 
ous half-cycle. The voltage across the re¬ 
actor caused by the control voltage is 


Em* 


NR - 


WRc+Re 


(134) 


and the output voltage during the next 
half-cycle resulting from Eri is 


•Eout i(»+l) Eri (n) 

-*\L “r*M0 

NR X R l 
N*R c -\-Rx RlA~Rw 


E e (n ) (135) 


Equation 135 represents the forward 
transmission of the magnetic amplifier, 
and is identical to the transmission of the 
basic magnetic amplifier. 

The effect on the operation of the am¬ 
plifier caused by the interconnection will 
now be considered. This problem will be 
divided into two parts, the interaction 
caused by the control circuits, and the in¬ 
teraction caused by the output circuits. 

As seen from Fig. 14 the control circuits 
of the two basic amplifiers are connected 
in series. Thus, any voltages induced in 
one of the reactors is in series with the 
control voltage. As far as the other re¬ 
actor is concerned, this induced voltage 
will appear as part of the control voltage. 
When one of the reactors saturates the 
voltage across it becomes zero, and the 
supply voltage e» will appear across the 
load resistance R h and the output winding 
resistance Ru,. As far as the control cir¬ 
cuit is concerned, this phenomena is 
equivalent to inserting a voltage in the 
control circuit equal in magnitude and 
with opposite polarity to the voltage that 
originally appeared across the reactor 
when the control voltage was zero. This 
equivalent voltage can be written in terms 
of the average output voltage as 

<««> 

The average voltage expressed by equa¬ 
tion 136 is in series with the control volt¬ 
age, and the output voltage during the 
next half-cycle caused by E etl can be writ¬ 
ten 
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■Eout 2(» + l) = 


NR X Rl 
N*R C +R x Rl+Rw 

1_ Rl+Ru 
N R l 


JSout(») 


N*R C +R X v 

The next step is to determine the ef¬ 
fect on the operation of the amplifier 
caused by the interaction of the output 
circuits. From Fig. 14 it is seen that the 
load R l is common to both circuits. The 
output voltage will therefore effect the re¬ 
set of the unsaturated reactor through the 
rectifier leakage impedance. The polarity 
of the output voltage opposes the supply 
voltage and thus tends to oppose the 
amount of reset. As far as the transfer 
characteristic is concerned, a voltage in 
the output circuit that controls the flux 
level of the unsaturated reactor can be 
transferred into the control circuit by 
multiplying it by the tums-ratio and the 
ratio of the control circuit impedance to 
the output circuit impedance. Thus 

(138) 

N R x 

The average voltage expressed by equa¬ 
tion 138 can be considered in series with 
the control voltage, and the output volt¬ 
age during the next half-cycle caused by 
E e<f2 can be written 


Eout a(»+l) = 


N*Re+R» Rl+Rw 


1 m 

N R, 


N*R«+R X R l +Rw 


Eout (n) 


The two voltages expressed by equa¬ 
tions 136 and 138 are proportional to the 
output voltage. The feedback gain is de¬ 
fined as the portion of the output voltage 
that is fed back into the control circuit. 
Thus, the feedback gain becomes 


1 ( Rl+Rw WR<\ 
1 N\ R l + R x ) 


The output voltage is obtained by adding 
equations 135,137, and 139. 


Eout(» + l) = 


NR* Rl 
} R x +N*R e Rl+Rw 
N*R C Rw \ „ 
R x +N*Rc Rl+Rw) 


E<(n)+ 


;t(«) (141) 


This is the same result as obtained in 
equation 63. 

Conclusions 

The analysis of the series-connected 
saturable reactor with external feedback 


demonstrates that the addition of the 
rectifier bridge circuit increases the input 
impedance of the magnetic amplifier, 
which in turn allows a higher tums-ratio 
and hence an increased forward gain. 
Since the gain-bandwidth product is pro¬ 
portional to the voltage gain in the for¬ 
ward transmission, the gain-bandwidth 
product is thus increased by the addition 
of the rectifier bridge circuit. From the 
theory of feedback, it is known that feed¬ 
back cannot increase the gain-bandwidth 
product. Therefore, the rectifier bridge 
circuit does not improve the performance 
of the magnetic amplifier by causing feed¬ 
back, but instead by increasing the input 
impedance. As a result, the present use 
of the term feedback in magnetic ampli¬ 
fiers is inconsistent with the term feed¬ 
back used in other fields. In this paper, 
therefore, the term feedback in magnetic 
amplifiers has been redefined to make it 
consistent with already accepted termi¬ 
nology. 

It has been shown that all magnetic 
amplifiers operate upon the same basic 
principles, and that these principles are 
demonstrated by the operation of the 
single-core half-cycle-response magnetic 
amplifier. By considering the magnetic 
amplifier as a connection of basic circuits, 
it is shown that the analysis can be sepa¬ 
rated into two distinct problems: first, 
the operation of the basic circuit; and 
second, the interaction between these cir¬ 
cuits resulting from the coupling. 

The analysis shows that the time con¬ 
stant in the magnetic amplifier is caused by 
the inherent time delay in the method of 
control. This time delay is always present 
because the flux level in the reactor 
can only be controlled when the reactor is 
unsaturated, and a change in the flux level 
cannot produce a change in the output 
until the next saturated period. By the 
use of positive feedback the gain can be 
increased. However, because of the in¬ 
herent time delay, the increase in the gain 
will be matched by a corresponding in¬ 
crease in the time constant. 
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Discussion 

H. H. Woodson (Massachusetts Institute 
of Technology, Cambridge, Mass.): The 
author should be complimented on his 
significant contribution to magnetic ampli¬ 
fier theory. The three major accomplish¬ 
ments reported in this paper should be 
further emphasized. 

1. The correct mathematics (difference 
equations) to be used with magnetic ampli¬ 
fiers utilizing saturable reactor core ma¬ 
terials presently available are shown. 1 lie 
proof of the correct mathematics is con¬ 
tained in the ease of physical interpre¬ 
tation of the results. 

2. The use of difference equations m 
the analysis of magnetic amplifiers puts the 
performance of all magnetic amplifiers in 
the same terms. Thus, valid comparison 
pan now be made to allow selection of the 
best circuit, from the standpoint of dynamic 
performance, for any application. 

3. The paper shows the designer of high- 
performance servos how the inherent time 
delay «-<>/")* affects the dynamic charac¬ 
teristics of any magnetic amplifier. This 
is a distinct aid in design work because a 
time delay e -W“)» is considerably more diffi¬ 
cult to compensate for than the low signal- 
frequency approximation l/[(ir/o>) s +l] in 
a servo system. 

If the author should change his imperfect 
voltage sources to equivalent imperfect 
current sources, he would find that some 
simplification would result in his analysis 
of the control period. This is especially 
true for the iterative process indicated by 
equations 117 to 120. The change to 
current sources yields considerable simpli¬ 
fication when a magnetic amplifier with 
several control windings is considered. 
Of course, the end result will be the same 
as that obtained by the author’s methods. 


P. R. Johannessen: I agree that the three 
main objectives should be more clearly 
stated. Further, the suggestion to change 
the imperfect voltage sources to imperfect 
current sources has merit, and may con¬ 
siderably simplify the algebra. By this 
transformation the circuit can be analyzed 
by the use of node equations instead of by 
loop equations. The basic magnetic ampli¬ 
fier (Fig. 1) will now consist of only one 
node, independent of the number of wind¬ 
ings on the reactor. Thus, a single node 
equation for each period of operation will 
completely describe the operation of the 
magnetic amplifier. It is also hoped that 
the method of analysis presented may be 
further extended to include a finite slope on 
the B-H curve. I wish to thank Mr. 
Woodson for his criticism. 
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The Measurement of Electrostatic 
Potential Attributable to Net Ion Space 

Charge in Air 
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slow-acting, and generally tliey are not 
rugged enough to be portable or readily 
set up for measurements. However, they 
can be made to give good results. 

With these restrictions in mind, the in¬ 
strument to be described represents an 
effort to apply new techniques to an old 
problem, with the hope that further im¬ 
provements and advancements will follow. 

Method of Measurement 


Synopsis: The electrostatic potential in 
air resulting from an ion space charge of 
one predominant sign is difficult to measure 
with existing potential-measuring instru¬ 
ments. An ideal instrument should not 
deplete the ion space charge and should be 
capable of measuring relatively low po¬ 
tentials. An instrument using the null- 
and-substitution method, and combining 
an electronic pulse widener and a vacuum- 
tube voltmeter, is described. This instru¬ 
ment has an application in measuring ion 
density in air by measuring the electrostatic 
potential attributable to ion space charge; 
Poisson’s equation can then be solved for 
ion density. 


A LL MEASUREMENT techniques 
for determining the electrostatic po¬ 
tential in space with respect to ground em¬ 
phasize the necessity of high internal re¬ 
sistance and high sensitivity in the meas¬ 
uring device. These attributes can be 
found to a greater or lesser degree in the 
instruments generally used, such as the 
gold-leaf electroscope, the electrostatic 
voltmeter, and the rotary electrostatic 
voltmeter. 

One application of these techniques is 
the measurement of electrostatic poten¬ 
tial in space attributable to a net ion 
space charge of either negative or positive 
sign that may exist in the ambient air. 
By net ion space change is meant the pre¬ 
ponderance of one sign over the other, or 
the difference between the negative and 
positive space charge. For example, a 
positive ion net space charge usually exists 
in a room heated by an unshielded gas or 
electric heater. 1 Furthermore, considera¬ 
ble interest is being shown in the produc¬ 
tion and control of net ion densities for 
physiological reasons. 2 

The requirement of high resistance and 
sensitivity can be readily understood, for 
the total number of ions in a space may 
be very small when compared to the 
charge flow per second that constitutes 1 
microampere. For instance, a room of 
1,000 cubic feet (2.83 by 10 7 cubic centi¬ 
meters) with a net ion density of 500 ions 
per cubic centimeter has a net total of 
1.41 by 10 10 ions enclosed within its walls. 
If all of these ions were to move at a uni¬ 


form rate through one of the walls in 1 
second of time, the net current through 
that wall for 1 second would be 



=0.00228 microamperes 


Thus, any method used to measure the 
electrostatic potential attributable to the 
ion space charge must have extreme sensi¬ 
tivity in order to prevent distortion of the 
field by ion absorption. 

The literature on atmospheric elec¬ 
tricity studies is an old and extensive one, 
and has been well summarized in recent 
years. Instruments used in these stud¬ 
ies fall roughly into two categories, those 
that measure the ion density or space 
charge directly, and those that measure 
electrostatic potential. 

The ion collector, or ion counter, is an 
example of the first method. Briefly, 
this instrument collects the ions from the 
air as it is blown at a known rate between 
the plates of a charged capacitor. The 
ion density of the air is then a function 
of the discharge rate of the capacitor. 
This method exhibits two distinct short¬ 
comings. First, air must be blown be¬ 
tween the capacitor plates at a rate that 
soon strips an appreciable part of the 
total ions from the air in an enclosed space 
or a room. Second, the indicating instru¬ 
ment in the form of an electrometer of 
considerable sensitivity requires a highly 
skilled operator to obtain good results. 

The electrostatic potential-measuring 
method has some restrictions because of 
the particular instrument used. Elec¬ 
trometers possessing the necessary voltage 
sensitivity and high input resistance are, 
by nature, extremely delicate instruments 
requiring laboratory technique and skill 
of a high order. Their movements are 
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tion at the AIEE Fall General Meeting, Chicago, 
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J. S. Carroll is with Stanford University, Stan¬ 
ford, Calif. S. B. Hammond is with the University 
of Utah, Salt Lake City, Utah, and was with Stan¬ 
ford University at the time the work was done on 
the paper. 


Any high-impedance voltage-measuring 
instrument, such as the gold-leaf electro¬ 
scope or the electrostatic voltmeter, can 
be adapted to measure electrostatic po¬ 
tentials in space. A suitable probe is re¬ 
quired, the purpose of which is to raise or 
lower the potential with respect to ground 
of one terminal of the instrument to coin¬ 
cide with the actual potential in space, 
measured with respect to ground. A 
usable system employs a gold-leaf electro¬ 
scope and radioactive probe, as shown in 
Fig. 1. The null method may be em¬ 
ployed with this system, as the diagram 
indicates, or the electroscope may be 
made to read directly in volts by ground¬ 
ing the case and calibrating the electro¬ 
scope with an adjustable direct-voltage 
source. The latter method tends to dis¬ 
tort the potential field of the space charge 
by placing the grounded case close to the 
probe. The null method corrects this dis¬ 
tortion by maintaining the electroscope 
case at a potential equal to the potential 
in space attributable to the space charge. 
When the battery voltage is adjusted so 
that the electroscope reads zero, the po¬ 
tential of the probe can be read on the 
voltmeter. 

The null method has the advantage of 
restricting the field distortion of the 
grounded case. A further advantage 
exists in the reduction of ion depletion in 
the space charge field by leakage. If the 
electroscope case is at ground potential, 
and the probe is at a potential with re¬ 
spect to groundother than zero, a potential 
gradient exists along the polystyrene in¬ 
sulation to the case. This resistance is 
very high and has been measured at 6X 
10 18 ohms for one specially built electro- 



Fig. 1. Gold-leaf electroscope for measuring 
electrostatic potential in space 
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Fig. 2. Elementary circuit 

scope, but it may yet conduct appreciable 
current. By the null method, however, 
no potential gradient exists across the in¬ 
sulation, and hence there is no leakage of 
charge from the probe to ground. 

The gold-leaf electroscope must be read 
from a distance through a telescope in 
order that the observer does not distort 
the electric field of the space charge which 
the electroscope is measuring. An addi¬ 
tional disadvantage of the gold-leaf elec¬ 
troscope is readily apparent to anyone 
who has attempted to obtain quantita¬ 
tive results with one; great care and deli¬ 
cate technique are necessary. However, 
the leakage resistance can be made higher 
than that of a commercial electrostatic 
voltmeter by a factor of over 100. Fur¬ 
thermore, the speed of response is greater. 
The gold-leaf electroscope can be made 
to give good results under conditions of 
fairly high potentials. 

Radioactive Probe 

The purpose of the probe is to establish 
and maintain one terminal of the electro¬ 
static potential-measuring device at the 
potential of the surrounding space. For 
some applications the historic water- 
dropper or a small flame may be used. 
However, where the electric field is pro¬ 
duced mainly by the ion space charge, 
and where the space charge may be either 
positive or negative in sign, the radio¬ 
active probe is more desirable. Polonium 
is often used as the radioactive material. 
Essentially an alpha emitter, polonium 
need only be used in very small quantity. 
The charged alpha particles emitted into 
the space around the probe have a negli¬ 
gible effect on the existing ion space charge 
field. Yet each alpha particle produces 
about 1.6 X10 6 ion-pairs in the air sur¬ 
rounding the probe. The range of alpha 
particles is about 3.84 centimeters in air 
at atmospheric pressure. 6 The ion pairs 
have no dver-all effect on the space-charge 


field, but provide a sheath of high con- Elementary Circuit 
ductivity in the vicinity of the probe. 

If a potential difference exists between The instrument to be described com- 
the probe and the surrounding space, a bines an energy storage system with the 

potential gradient will exist at the sur- null-and-substitution method. The basic 

face of the probe. Charge will flow in this principle of operation can be seen in Fig. 

high-conductivity region within the ion 2. Assume that the probe has had time 

sheath between the space and the probe, to acquire the same potential that the 

maintaining the probe at the potential point in space would have if the probe 

of the space. were not present. Capacitor C is charged 

If there is a leakage of charge from the to the potential of the probe. Substitu- 

probe to ground, it must be supplied con- tion voltage V is adjustable so that if the 

tinuously by the space charge field under voltage V is equal to the potential on C, 

study. An undesirable decrease in the no current flows through R when switch 1 

initial field strength naturally results. is closed. This is the null condition, and 

Furthermore, the constant leakage of the voltage V may be read on voltmeter 

charge maintains the probe potential Vi by closing switch 2. If, however, the 

somewhat below the potential of the sur- battery voltage is greater or less than 

rounding space by the voltage drop neces- the potential of the charge on C, an expo- 

sary to supply the leakage ion current. nential current pulse of negative or positive 

This results in an additional error in sign respectively will flow through R. 

measuring the potential. For these two The voltmeter F 2 has a zero center read- 

reasons, the probe should have to supply ing, and will show the sign of the voltage 

zero current to the potential-measuring pulse across R. Thus it is possible to 

instrument, if the probe is to be main- determine whether battery voltage V is 

tained at the same potential which the greater or less than the voltage on C by 

space would have without the probe. the negative or positive swing of the volt- 

But since leakage current always exists, meter F 2 . For this part of the discussion 

it should be kept at a minimum. it has been assumed that the time con¬ 

stant of the exponential voltage pulse is 

Vacuum-Tube Electrometer sufficient that the voltmeter F 2 will have 

hW to show a displacement for each 

Vacuum-tube electrometers generally pulse. Successive adjustments of bat- 

possess a limit of sensitivity which is of tery voltage V can be made, each time 

the order of 10“ 11 amperes full scale and closing switch 1 for an instant to deter- 

10“ ohms. Compared to the conven- mine whether F is greater or less than the 

tional vacuum-tube voltmeter, the elec- value necessary to balance the capacitor 

trometer is extremely sensitive, but for voltage. In this way a null condition 

the type of measurements under discus- can be approached and reached, and the 

sion, it is hardly satisfactory. Yet an elec- potential of the probe can be read on volt- 

tronic ins tru m ent would have some ad- meter Vi through the intermediary of the 

vantages over the gold-leaf electroscope, substitution voltage F. 

which is unreliable for small potentials, The time constant RC of Fig. 2 will 
and is generally temperamental. ordinarily be of the order of 100 micro- 



Fig. 3. Basic electronic circuit 
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seconds, which is too short a time for volt¬ 
meter V 2 to show an indication of the 
pulse. The value of C, which consists 
entirely of the stray capacitance of the 
probe and circuit wiring, should be kept 
small so that the probe can charge in a 
reasonable time. R can be m a Hp as 
large as possible, but in this simplified 
circuit the resistance of voltmeter V 2 must 
be considered, and it will be the limiting 
value of R. The value of C can be about 
5 to 10 micromicrofarads, and R can be 
about 10 to 20 megohms. With a tim e 
constant of 10 ~ 4 seconds, it becomes 
necessary to lengthen the duration of the 
pulse so that the voltmeter will have 
sufficient time to show a deflection. 

Basic Electronic Circuit 

The method adopted to lengthen the 
time constant is included in a pulse ampli¬ 
fier, and it lengthens the pulse in two 
stages, each time by a factor of over 100. 
The operation of lie circuit of Fig. 3 is 
fundamentally the same as that of Fig. 2, 
but R is now the grid resistance of the 
first amplifier stage. The variable volt¬ 
age V of Fig. 2 is produced across R e , and 
may be made either positive or negative. 
Triode T x serves as a pulse amplifier and a 
pulse inverter. 

The operation of the pulse-widening 
function of the circuit shown in Fig. 3 can 
best be described by following a pulse 


through the entire circuit. Assume first 
that the potential across C is less positive 
than that from the grid of T x to ground. 
When Swi, a push-button switch, is closed 
a negative pulse appears on the grid of T x 
because of the charging current flowing 
through R to C. T x amplifies and inverts 
this pulse, which is coupled to the grids of 
T 2 and T% by means of C 2 and C» respec¬ 
tively. 7j amplifies the pulse and passes 
it on with the same time constant, but the 
operation of T 2 lengthens the time con¬ 
stant of this pulse. The grid of T 2 is made 
positive during the pulse, and C 2 is able 
to increase its charge rapidly through the 
diode formed by the grid and cathode of 
T 2 . When the original pulse is over, the 
grid of T 2 is carried negative by C 2 , until 
C 2 is able to discharge to its normal po¬ 
tential through R%. The time co nstant 
R&is over 100 times that of RC, and the 
pulse has been lengthened by that factor. 
This is shown in Fig. 4(C), and the out¬ 
put of that stage is shown in Fig. 4(E). 
This output pulse is coupled by A by C t . 
As the plate voltage of T x follows the top 
of the pulse, C 4 increases its charge 
rapidly through diode D 2 . When the 
pulse has passed, C 4 discharges through 
Ra and the microammeter, to get back 
to its normal charge, and the time con¬ 
stant RiCi is over 100 times greater tha^ 
the time constant R 2 C 2 . The final pulse 
of current through the microammeter 
caused by the pulse through T 2 is shown 


i in Fig. 4(H). T s has passed the pulse 
without lengthening its time constant, 
’ and this is shown in Fig. 4(G). The two 
currents add to produce the final resultant 
1 current through the microammeter, Fig. 
4(1). The area under the positive por¬ 
tion of Fig. 4(1) is insufficient to produce 
an indication on the microammeter, and 
only the negative pulse of several seconds’ 
time constant is indicated by the meter. 

The foregoing discussion describes the 
action of the circuit when the pulse ap¬ 
plied to the grid of T x is negative. If a 
positive pulse is applied, i.e., if the volt¬ 
age from grid to ground is less positive 
than the capacitor voltage, the path of 
the pulse through T 3 lengthens the pulse 
by the diode action of D x and D 2 . 
lengthens the pulse by the diode action of 
D x and D s . Triode T% is ordinarily biased 
to cutoff. A negative pulse from the 
plate of T x drives the grid of T 3 more 
negative in potential and allows C 3 to dis¬ 
charge rapidly through D x . When the 
pulse from T x has passed, C 3 pulls up the 
grid voltage of T s in voltage, and C 3 dis¬ 
charges through R 3 with a time constant. 
CtRz. Thus the time constant has been 
increased by a factor of over 100. The 
curves on the right side of Fig. 4 indicate 
these operations. Similar action by C 6 , 
Rt, and D 3 lengthen the pulse by another 
factor of over 100, and the resulting pulse 
is indicated as a current flowing through 
the microammeter. 

In the preceding discussion it must be 
remembered that resistance Rs, R it and* 
-Rb have in parallel with them the back re¬ 
sistances of the diodes D x , D 2 , and A- 
In calculating the time constants, these 
parallel resistances must be taken into 
account. Also, considerable clipping ac¬ 
tion may result in the triodes when pulses 
of large amplitude are applied. This has- 
no effect on the practical operation of 
the circuit. 

The vacuum-tube voltmeter shown ini 
Fig. 3 for measuring the substitution volt¬ 
age must have a very high input resist¬ 
ance in order to measure the substitution 
voltage across f? 6 and the grid resistance- 
R. A commercial instrument of 100- 
megohm input resistance is satisfactory, 
provided R is not greater than about 20‘ 
megohms. The instrument should have, 
in addition, voltage scales sufficient to- 
cover the range of potentials which Ra is. 
capable of producing. 

Sensitivity 

There are two means by which this; 
electrometer may deplete the ion space 
charge in the space being studied. First, 
there is a constant leakage in the insula- 
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tion from the probe circuit to ground. 
This may be minimized by the use of poly¬ 
styrene for any insulators needed for sup¬ 
porting the probe and lead-in wire, and 
for insulation for switch 1, which must 
be specially constructed for long leakage 
paths. Second, each time capacitor C is 
discharged through R, a quantity of 
charge must be extracted from the space 
charge to recharge C. By keeping C small 
and allowing sufficient time for it to 
charge after each discharge, the absorp¬ 
tion effect on the space charge field may 
be minimiz ed. When the voltage across 
Re is close to balance with the voltage of 
capacitor C, only a small part of the charge 
on C is lost when switch 1 is closed. By 
systematically adjusting R each time an 
attempt at balance is made, a balance 
can be approached with a minimum 
number of attempts. 


One advantage of this instrument is its 
ability to read small voltages without 
relying on the calibration of the input re¬ 
sistance. The authors have had con¬ 
siderable success with a range of zero to 
p lus or minus 20 volts. By including an 
additional stage of pulse amplification, 
this instrument can be operated for full- 
scale deflection of 1 volt or less. 

Applications 

While the measurement of electro¬ 
static potentials in space may be of 
interest, a further application of the in¬ 
strument is to be found in converting this 
potential reading, if made in an enclosed 
space, to net ion density. This can be 
accomplished by solving Poisson’s equa¬ 
tion for the particular boundary values. 
The solution of Poisson’s equation is very 


easy for simple geometries, such as infinite 
parallel planes, a sphere, or a cylinder of 
infinite length. Approximation of exist¬ 
ing boundaries to these simple ones can 
often be made,but forother configurations 
the solution usually becomes very much 
involved, and often it is necessary to re¬ 
sort to numerical approximation methods. 
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Discussion 

T. W. Liao (University of Utah, Salt Lake 
City, Utah): The authors have presented 
a practical method capable of measuring 
relatively low potentials in air resulting 
from an ion space charge of one predominant 
sign. 

By means of the null-and-substitution 
method they have been able to overcome 


the usual high resistance and sensitivity 
requirements of the measuring devices of 
this kind. 

While this measuring technique might 
have many applications in the determination 
of ion densities in air, it appears to have 
possible applications in the measurements 
of space charges in insulating liquids such 
as transformer oil. In the latter case, simi¬ 
lar limi tations, as discussed in the paper, 
are imposed. 


The radioactive probe technique might 
also be of advantage to the measurements 
in liquids in that it reduces the potential 
difference between the probe and the. sur¬ 
rounding liquids. Because of the higher 
density of liquids relative to air, the high- 
conductivity sheath would be thinner. 
This should result in a better resolution in 
the measurement of the space charge .dis¬ 
tribution than that which can be obtained 
in a gaseous medium. 
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